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G enera l Imtraduetlom .
The impertanoe e f  the fix a tio n  ©f atmospheric 
nitrogen by b io lo g ic a l mmama Im the maintenance of a con- 
timucma supply o f  combined mitrogm for plant l i f e  and 
indeed fo r  l i f e  im general, ia  very .great* A balance 
sheet fo r  the agr icu ltu ra l lands o f the United S tates fo r  
1956, quoted by Fogg (1955) shows an estim ated annual lo s s  
of Bé m illio n  tons o f s o i l  nitrogen* This nitrogen i s  
lo s t  in various way a, mainly due to  the removal o f  crops, 
the leach ing o f soluble nitrogen compounds from the s o i l ,  
s o i l  erosion , and the action  of d en itr ify in g  bacteria*  
P a r tia lly  o f fs e tt in g  th is  annual le a s  was a gain o f 16 
m illio n  to n s, o f which 10 were ascribed  to f ix a tio n  by 
b io lo g ic a l agen cies, compared with only 3 added as f e r t i l i s e r  
or manure* Although these figu res s t i l l  show a not lo s s  
of B m illio n  to n s, were i t  mot for the b io lo g ic a l f ix a t io n ,  
the combined nitrogen resources o f the s o i l  would sw ift ly  
ram down.,
Wkm organisms capable o f f ix in g  nitrogen are o f two 
malm types, frae**livlng ones m û  those l iv in g  a y i# io t lo a lly , 
The f i r s t  category comprises s o i l  bacteria  such as éâS iâ r  
bgcter and photooymthetio b a cter ia , fo r
©xamplo, ^ s s a f e i s »  m agobtem . some
3 .
a lg a e , and probably some s o i l  f im g l*
BymblotlG n i t r o g e n  f i x a t io n  i s  im m ediate ly  a s s o c ia te d  
w ith  th e  r o o t  no.clul€va o f  legum inous p lam ts* T h e ir  Import## 
amoe in  a g r le u l tu r e  h as been r e a l i s e d  f o r  a e n ta r ie s *  Xn 
th e s e  m odules th e r e  a s i a t e  a  ay rab io tie  u n io n  between th e  
p la n t  and  th e  b a c te r iu m  Hhiaobium , th e  b a c te r iu m  p ro v id in g  
n it ro g e n  f o r  th e  p la n t  w h ile  in  t u r n  r e c e iv in g  from  i t  a  
su p p ly  o f  ca r b o h y d ra te .
I t  I s  much le s s  g en e ra lly  kmmm, however, t h a t  c e r ta in
An<^ îogpe**mr:ou5
o th erj^p lm ts  q u ite  a p a r t  from th e  Laguminosaa a lso  b ear ro o t 
noduleB. These genera to g e th e r w ith  th e i r  system atic  
p o s itio n  according  to B ngler & D iels (1956} a re  as fo llo w s :-
M yrica
A im s
C aauarina
O orlaria
GeanotteS:
I% rlcaceae
B etelaceao
Blaeagnaoeae
Gaeuarinaeeae 
O oriariaceae 
Rhamnaceae *
Blmoe, however, th ese  a re  a l l  woody genera w ith  no Immediate'^ 
ly  obvious a g r ic u l t u r a l  o r  economic im portance, th e y  have 
been reg a rd ed  r a th e r  a s  c u r io s i t i e s .
5 .
Timt th e se  module# a ls o  were oauaeci by th e  in v a s io n  
o f th e  ro o t c a l l s  %  a  s o i l  m iero^organ lsm  was soon re-* 
a l l  Bed, b u t ,  d e s p i t e  mu eh s tu c l j ,  th e  m atu re  o f  the  emdopbyte 
h as  mot y e t  been s a t i s f a e t o r i l y  e la e id a ta d *  T his i a  m ain ly  
due to  th e  f e a t  th a t  am o rg an ism , c a p a b le  o f  ra - lm fe e tim g  
th e  a p p ro p r ia te  p l a n t ,  h a s  mot so f a r  'beam i s o l a t e d  im p u re  
o m lta re . A ttem p ts  a t  M e m tif ie a tlo m  have  th u s  r e s te d  on 
th e  appearam ee o f  th e  ergmmism Im aaatiom e o f  th e  m odules.
I t  h as  beam su g g es ted  by some w orkers to  be am Aotlm om yoete, 
o th e r s  have re g a rd e d  i t  a s  a  mailber o f  th e  F la sm o d io p ito ra le s , 
a  b a o te r lu m , o r  a  Hyphomjeete* A good rev iew  o f  t h i s  
l i t e r a t u r e  i s  g iv en  by Hawker and Fraym outh (1 9 5 1 ). Today, 
how ever, a lth o u g h  th e  m m jority  o f  w orkers fa v o u r th e  
ao tlm om yoetal m ature  o f  the  em dophyte. I t  s t i l l  ramaims a  
s u b je c t  o f ao m tro v eray .
O ther gym b lo t  l a  a s s e a la t ie m a  proved o r  c la im ed  to  be 
n i t r o g e n  f ix in g  a r e  to  be fo u n d  in  th e  r o o t  m odules o f some 
Gymmospemma, th e  l e a f  m odules o f  th e  E ub iaooao , and  c e r t a in  
liehem e and l i v e r w o r t s .  These a a so e ia tio m a  w i l l  n o t be 
d e a l t  w ith  her©*
A lthough  th e  e x is te n a e  o f  modules on th e  ro o ts  o f  the  
above Angiosperme h as  been  re c o rd e d  aimoo' th e  mime teem th  
e a n tu ry  a ad  much worit h a s  been  done In  r e - a t r io te d  o i r e l e a  
Oil t h e i r  c y to lo g y , i t  i a  n e t  u n t i l  v e ry  r e c e n t ly  t h a t  tii©
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p h y a io lo g lc a l  a ig a if ic a m o e  o f fe ô se  mom-Xogamtooua nodu les  
has be#m r ig o ro u s ly  Im veetiga te#*
Im the  Botany D epartm ent a t  th e  U a lv e ra i 'ty  o f  G lasgow, 
mueh Imfom m tlom  h a s  boem o b ta in e d  p a r t i c u l a r l y  on 
th e  n a t iv e  moduleWiemrImg s p e c ie s ,  im m elj, A% u s  g lu tlm oaa  
(L*. ) Gaertm* , M yrica m l e  amd H ip p o tte l  vhminotûm  L* , 
to g e th e r  w ith  g a a u g r ln g , a  w e ll  toovm t r e e  s p e c ie s  o f  
t r o p i c a l  amcl s u t^ t r o p io a l  3?©gio.na* By moans o f  grow th 
ex p erim en ts  Im w a te r  c u ltu re ^  f r e e  o f  com bined n ltrogam  
(Bond, F le tc h e r  & F e rp is o n , 19641 Q u la p e l, 19541 Bond, 
MaeOonneXl & Mo Galium, 1956,|- and Bond, 196%%).. and o f  iso## 
to p ic  t r a c e r  © xpertoem ta iiw olv im g whole p la n ts  and l a t e r  
d e ta c h e d  m odules (Bond, 19551 1 9 5 7 % ))th e  p ro p e r ty  o f  f ix a ­
t i o n  o f  a tm o sp h e ric  n i t ro g e n  h a s  been  c o n c lu s iv e ly  demon­
s t r a t e d  f o r  n o d u la te d  p la n ts  o f  th e  above s p e c ie s , That 
th e  nodu le  was fee  s i t e  o f  f ix a t io n  was a l s o  shown by th e  
above means* The n i t ro g e n  n u t r i t i o n  o f  th e s e  p la n ts  h a s  
a ls o  been, e x te n s iv e ly  s tu d ie d  and i t  l a  now c l e a r  th a t  th e se  
n o d u le s  have m s im i la r  fu n c tio n  to  legume modules*
Evidence is accumulating that fixâtios Im non-legume 
nodules has an  ImportdSt ecological and Magaoehemioal 
rale* Many of the a© plants are widespread In their 
occurrence although In some cemmtrles their distribution haa 
now been severely affected by agriculture. Fossil pollen 
records show them to have been especially prominent in a
Q ♦
p û s t-g la .e ia l  A inu# isluttoesa l a  b e l ie v e d  ta limQ
eoveraé large areas of Britain ( Taa$l<# 1959), Eini>ookaë 
likewise In Europe (Wmlkor, 1955)while evidence provided 
by Good (1947) auggeated that at an even earlier time 
Coriarla was prominent in mimy regioms of #m world# Even 
in the present day with eo mmoh land devoted to agriculture 
these genera are to be found to quite an appreoiable extent, 
typically In  p o o r molle, indeed a ld e r  and bog myrtle grow 
in mold conditions in which legwmea can seldom ttelve#
AC codding to  f ig u r e s  q uoted  by th e  F o r e s tr y  G oiim isaion ,
B4,5DU a c re s  o f B r i t a in  a t  th e  v e ry  l e a s t  a re  covered  by p u re  
a ld e r  s ta n d s ,  w h ile  M yrica  g a le  co v ers  l a r g e  a r e a s  o f bogland# 
O b se rv a tio n s  by O rooker & M ajor (1955) a t  G la c ie r  Bay, A lask a , 
in d ic a te  t h a t  u n d e r  a ld e r  t h i c k e t ,  th e  developm ent o f w hich 
:lB a  r e g u la r  s ta g e  In  th e  colon!sajE ion  o f  th e  b a re  a re a s  l e f t  
by th e  r e c e s s io n  o f  th e  g l a c i e r s ,  a  c o n s id e ra b le  b u i ld  up o f 
s o i l  n i t r o g e n  o ccu r a am ounting t® 55 l b .  p e r  a c re  a n n u a lly . 
T h is , no d o u b t, f a c i l i t a t e s  th e  n e x t s ta g e  in  s u c c e s s io n , th e  
rep la cem en t o f  th e  a ld e r  by s / i t k a  spruce*
u f  r e c e n t  y e a r s  th e  s o i l  e n r ic h in g  p r p p e r t le e  o f  
some o f  th e s e  mem-legumea have b een  e x p lo i t e d .  An 
i n t e r e s t i n g  l e t t e r  h a s  b een  r e c e iv e d  In  Glasgow co n cern in g  
su ch  scheme by th e  P a c i f i c  B orth w eat F o r e s t  and Hang® 
E xperim ent S t a t io n ,  U n ited  S tate©  D epartm ent o f  A g r ic u ltu r e *
e .
T h e ir  r e c e n t  a tu d ie e ^  in  O regon  ^ have in d ic a te d  th a t  i n t e r -  
p la n te d  A lm a  rubra, in c r e a se d  th e  grow th o f a sB o c ia te d  
D ouglas-fix*. Over 37 y e a r s  a  60^ in c re a s e  in  s o i l  n i tro g e n  
was found fo r  th e  in t e r p la n te d  s ta n d s  compared w ith  th o se  
hav ing  f i r  a lo n e . A s im i la r ly  s i g n i f i c a n t  in c re a s e  in  
f o l i a r  n i t ro g e n  was a ls o  o b ta in e d .
I t  i a  thus c le a r  th a t  th e se  non-legam es a r e  im p o rtan t 
in  eco logy  and fox^estry* F u r th e r  e x p e rim e n ta l s tu d ie s  on 
t h i s  group a re  c l e a r ly  d e s i r a b le  and S e c tio n  I  o f  th i s  
t h e s i s  r e l a t e s  to  p la n t  c u l tu r e  s tu d ie s  in  w hich th e  d ev e lo p ­
ment and fu n c t io n  o f  th e  ro o t  n o d u les  in  S h m h e rd ia .
B laeag n u e , l y r lo a  (M. c e r l f e r a )  and D eanothus a re  in v e s t ig a te d
A second  re a so n  f o r  th e  Im portance o f  th e se  non­
legume g en e ra  ami t h e i r  no d u les  l i e s  in  the  p ro v is io n  o f new 
m a te r ia l  f o r  s tu d y in g  the  chem ical pathw ay o f  n i t r o g e n  
f i x a t i o n .  I s o  t o p ic  s tu d io  s i n  the U n iv e r s i ty  o f  W isco n s in , 
by â p r ia o n  & B u rr is  (1962) u s in g  is o to p ic  n it r o g e n , ^
have shown e x c ise d  legume n o d u les  t o  be capab le  o f c o n tin u in g  
a c t iv e  f i x a t io n  fo r  s e v e r a l  h o u rs  a f t e r  detachm ent from  fee  
p'Xant, Such e x c ise d  n o d a le s  p ro v id e  a  much sim p ler and 
more co n v en ien t medium th a n  w hole p la n t s  i n  w hich to  s tu d y  
th e  mechanisms o f  sy m b io tic  f i x a t i o n .  The In fo rm a tio n  
o b ta in e d  by fu r th e r  ia o to p ic  stu d y  o f  th e  a© d e ta c h e d  legume 
n o d u les  a t  W isconsin w i l l  be rev iew ed  l a t e r  in  th e  t h e s i s .
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The o b s e r v a t io n s  o f  Bond (1 9 5 5 , 1957b) showed th a t
f ix a t io n  p a r a i  e ta  to  a  n o ta b ly  g r e a te r  d e g re e  Im mom- 
legume n o d u lea  a f t e r  detaehmem t from  th e  p l a n t ,  than im 
legum e module a* Hence mot o n ly  âo th e s e  m odules preaem t
y e t  a n o th e r  m ltre g m  f i z to g  ay stem  f o r  M oohem lcal s tu d y , 
th ey  a l s o  p ro v id e  more fa v o u ra b le  m a te r ia l  than  p re v io u s ly  
s te d ie i... E xpérim enta to  be d e sc r ib e d  Im S e c t io n  I I  o f  
th e  t h e s i s  w ere d es ig n ed  to  ta k e  ad v an tag e  o f  the  
o p p o r tu n ity  th u s  p re sen ted *
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0Qii@ï*al G uitar a l  M ethods.
same b a s ic  tecbm lquee o f p la n t  c u l tu r e  were 
employed th rou gh ou t w ith  th e  v a rio u s  gemem to  be oon- 
s ld e re d  In t h i s  S e c t io n . The p la n ts  w ere a l l  grown from  
seed  in  th e  Botany D epartm ent g reen h o u ses . The seed  was 
sown e i t h e r  im washed sand m o istened  w ith  d i l u t e d  n i t r o g e n -  
f r e e  m l  tu  re  s o lu t lo m , o r  in  l io p tie u lta ra X  p e a t  m o isten ed  
w ith  ta p  w a te r ,  Ixperiemc©. baa shown t h a t  th e  n od u le  
endophytes in  th e s e  non-legum e g e n e ra , u n l ik e  th e  legum es, 
a ra  r a r e ly  seed-hom e^» Thus s u r fa c e  s t é r i l i s a t i o n  o f  th e  
seed  i s  u im e c e ssa ry  In  o r d e r  to  g a in  c o n t r o l  o v e r  th e  su b se ­
q uen t Im cidenoe o f  module d evelop m en t.
W ater c u l tu r e  Tocto-iquca*
The s e e d l in g s ,  e i t h e r  when th e  c o ty le d o n s  had expanded 
o r  a t  th e  tw o - le a f  s ta g e  ( s z r i o a ) ,  w ere tr a n s p la n te d  in to  
w ater  c u l tu r e  o f  n o n -a s e p tic  type*  W ater c u l tu r e  has jpf e v i- '  
w s l y  b een  p roved  an i d e a l  medium f o r  th e  grow th o f  th o se  
non-legum e n o d u le  p la n te  a lr e a d y  s tu d ie d  in  Glasgow* The pH 
and n i t ro g e n  l e v e l  o f such  a  medium a re  more e a s i l y  c o n t ro l le d  
than in  sand c u l t u r e ,  and th e  r o o t  ay stem s r e a d i ly  In sp ected *
A n i t r o g a n - f r e e  m o d if ic a tio n  o f C ro n e 's  s o lu t io n  was 
th e  b a s ic  s o lu t io n  em ployed and was u sed  a t  h a l f  i t s  norm al
9 .
st3?«Qgth* Bi© work reported later on Myrloa suggested 
this dilution of the medium was advantage ou a to growth. 
Ihe solution was thus prepared as follo«;s s- 
KOl 3**75
CaSO^.SHgO S.SO
ffigSO^.VEgO 2 .8 0  "
*
ÎÎ
tl
Pa^(PO^)g*B]%0 1 ,3 6  "
D i s t i l l e d  w a te r  10 l i t r e s ,
5 m l, o f  a  m inor elem ent m ix tu re , b a sed  on H oag lan d 'a  
A t o  Z s o lu t io n  (Templeman, 1041) w ith  molybdenum added was 
s u p p lie d  t o  eaeh  10 l i t r e  b a tc h  o f  s o lu t io n  p re p a re d . T his 
s o lu t io n  lias a pE o f 6*7, Aa c o n ta in e r s ,  g la re d  e a r th e n -  
ware o r  g la s s  v e s s e ls  o f  B o r  l i t r e  c a p a c i ty  r e s p e c t iv e ­
ly  were u se d , They were co v ered  by waxed te a k  to p s  bo red  
w ith  6 o r  '7 h o le s ,  S e c tio n s  o f th ic k  w a lle d  ru b b e r  tu b in g  
were f i t t e d  in to  each h o le ,  th e  s e e d lin g s  b e in g  su p p o rted  
in  th e  c e n t r a  o f  th e s e  by em ail ru b b e r  w edges, A l l  j a r s  
were h e a t  s t a r i l i a e d  and to p s  f r e s h ly  waxed b e fo re  each  
ex p e rim e n t ,
W ith E îiaeam ue, B henherd ia and Oeanothua s e e d lin g s  
were tr a i ia p la n te d  a s  th e  c o ty lé d o n s  expanded, and  f o r  the 
f i r s t  few weeks o f  grow th in  s o lu t io n  th ey  were su p p lie d  
w ith  combined n i t r o g e n ,  re a so n s  f o r  t h i s  p ro ced u re  b e in g
10*
g iv en  l a t e r ,  HO mgm. n i t ro g e n  p e r l i t r e  o f  s o lu t io n  was 
g iv en  in  th e  fo m  o f  ammonium s u lp h a te  * When p la n ts  grow 
v ig o ro u s ly  i n  auoh a s o lu t io n ,  th e  pH f a l l s  ra p id ly *  The 
pH l e v e l  ®f the  s o lu t io n s  was th u s  cheeked f r e q u e n t ly  and 
a d ju s te d  when n e o e ssa ry  by th e  a d d i t io n  o f th e  e a le u la te d  
amount o f  sodium  bgdroxide* S ee d lin g s  o f  % r io a  were 
t r a n s p la n te d  s t r a i g h t  in to  th e  s o lu t io n  in  w hich th e y  were 
to  be Imeou lu te d  *
3y 0 0 u la t lo n  o f  F ia n ts *
Two days b e fo re  in o o u la t lo n  th e  p la n ta  w ere t r a n s ­
f e r r e d  to  n i t r o g e n - f r e e  'so lu tlom *  S ince  th e  non-legum e 
©ndophytes have n o t y e t  been o b ta in e d  in  p u re  c u l t u r e , fo r  
m o d u la tio n  purposes, an  Inoeulum  was p re p a re d  by g r in d in g  
n o d u le s  from  th e  a p p ro p r ia te  p la n t  In  a  m o rta r  w ith  sand , 
and w a te r  and th e n  f i l t e r i n g  th ro u g h  m uslin* T his f i l t r a t e  
c o n ta in in g  a  su sp en sio n  o f  th e  nodu le  o rgan ism  was then 
a p p lie d  to  th e  r o o ts  w ith  a  b ru sh  and one ml* added to  each  
ja r*  Simoe t h i s  inooulum  may a ls o  o o n ta in  some combined 
n i t ro g e n  o r  to # le  s u b s ta n c e s , 8 m l, o f  a n  au to e  la v e d  sample 
was added to  ©aeli j a r  o f  p la n ts  w hich w ere to  s e rv e  a s  n o n - 
n o d u la te d  e o n tro la *
A f te r  .In o c u la tio n  th e  p la n ts  w ere grown on th ro u g h  the  
summer, th e  pH o f  th e  s o lu t io n  b e in g  checked  r e g u la r ly  and 
any d r i f t  c o rre c te d *  The e n t i r e  c u l tu r e  s o lu t io n  was
11.
renewed ev ery  f o u r  o r f iv e  weeks*
M ummt o f F lam te .
0n h a r v e s t in g  th e  p la n ta ,  th e  m odales w ere removed 
and t r e a te d  s e p a r a te ly  from  the  ro o ts  and ahoo'ta* Dry 
w e ig h ts  were o b ta in e d  f o r  th e a e  t l s a u e s  by h e a t in g  In  an 
oven o v e m lg h t  a t  §6^G, l i t r o g o n  e a tiiim tio n a  w ere 
o b ta in e d  by  in d iv id u a l  E Je ld a h l o r  m ic ro -E je Id a h l d e t e r -  
m lnatiox is c a r r i e d  o u t m% m a te r ia l  from each  p la n t*
IS .
B'KJBÏBS œ  SHBPHBR»m
Iafeaâi«M gE-*
# 0p #@ ra#  aad S laeagm m  to g e th e r  w i t h
com prise  th e  B laeagnaoeao , membera # f  m hlah a re  d i s t r i ­
b u te d  th ro u g h o u t th e  w orld* The gaitUB- Shepherdi a  com- 
a ia tB  o f  th re e  a p e o le s  (B^emimdemeie#, 0 .*argentea * and th e  
r a r e r  8#.rot% m d lfo llg ) w hich -are l im i t e d  to  B e r th  A m erica. 
Aooerdlmg to  Maooim (IBB#) and S e rv e tta s  (1909) and i n f o r ­
m ation  re c e iv e d  from  F r o fe e e o r  W alton, th e  f i r  e t  teo  e p e o ie s  
a re  o f  f ro q u e n t o c c u r r e n c e , grow ing t y p i c a l l y  in  th e  v i c i n i t y  
o f  w a te r  co u raee  and la k e s  betmeem th e  l a t i t a d e e  5#^ and 
h a t  aometimee e x te n d in g  n o r th  o f  the A r c t ic  O irc le .
% e f i r s t  re c o rd  o f  modulee f o r  Bhep h erd ia  and in d e ed  
f o r  a l l  f e re e  gem e ra  o f th e  K laeagnaceao a p p e a r  a to  have  
been g iv en  h j  Warroimg im 1B76, S ince  them some work on 
t h e i r  c y to lo g y  h aa  been a tte m p te d  b u t  l i t t l e  a t t e n t i o n  g iven  
to  t h e i r  p liy a io lo g ic a l  a lg n ificam o a  i m t l l  r e c e n t ly *  lo b b e  
and B l l t n e r  (1©04), how ever, grew a  few n o d u la te d  and n o n -  
n o d u la te d  p la n ta  o f  B^camadenaia f o r  fo u r  y ea r#  in  a and  
c m itu re  f r e e  o f  combined n i t ro g e n . A t the end o f  f e i#  p e r io d  
th e  two c o m tre l p la n ts  had  reach e d  a  mean h e ig h t  o f  25 cm#, 
w h ile  th e  o th e r  f i v e  b e a r in g  n od a le#  grew more atrom gly  and 
a t t a in e d  a  f i n a l  m ean  h e i ^ i t  o f  BB cm# In  v im / o f  th e
h e ig h t  a t t a i n e d  t j  th e  mntwoX p la n ts  i t  would a p p e a r  t h a t  
th e  grow th medium had  mot heem e n t i r e l y  f r e e  from  eomhlmed 
mltrogem* However, even ta k in g  t h i s  in to  e o m a M e ra tio a , 
th e  am th e re  would a - t i l l  aeem to  have some jme t l f  l o a t  lorn 
f o r  t h e i r  t e n t a t i v e  su g g e s tio n  o f  n i t r o g e n  f i x a t i o n  by th e  
m odu la ted  S h ep h erd la  p la m te ,
Ab- mo f u r t h e r  im vesti.gatiom B have beam made I n to  
t h i s  p rob lem ,' #h#$#m atlom  amd externa lorn would seem neeesaa ry #  
Is a e m tly  th e  physio l#^"- o f  th e  ro o t m odules o f  
Himmomlmi rho im oides was examlmed* Bomcl, F le t e h e r  & Ferguson  
{1064} by groiv th  -experinmmts i n  n i t ro g e m -f re e  w a te r  c u l tu r e  
o b ta in e d  s u b s t a n t i a l  evldemoe o f  n i t r o g e n  f i x a t i o n  by th e s e  
module a and Bond (1065) con firm ed  t h i s  p o in t  u s in g  ia o to p ic  
te c h n iq u e  a* The e f f e c t  on  m o d u la tio n  o f  v a ry in g  the pH 
mid th e  a d d it io n  o f  com bined n itr o g e n  to  th e  medium was su b - 
seqmemtly in v e s t ig a te d  by Bond, laeOomielX & loO allum  (1 9 6 6 ). 
lo d u la tio m  © oourrad a a t i a f a e t o r i l y  w ith in  the  pH range 7 .0  
t o  6 . 4  b u t mot a t  lo w er l e v e l s .  The p rea e n e e  o f  oomblmed 
n i t ro g e n  Im th e  ro o t in g  medium g r e a t ly  red u ced  no d u le  f o r ­
m ation ,. no n o d u le s  d ev e lo p in g  im th e  p re se n c e  o f  50 o r  20 mgm. 
mmonlum n i t r o g e n  p a r l i t r e  o f  c u l tu r e  s o lu t io n  and o n ly  
sp a rse  n o d u la t io n  b e in g  e f f e c t e d  w ith  6 mgm. ammonium 
n it r o g e n .  These r e s u l t s  were in  c o n t r a s t  to  th o s e  o f
A llis o n  & Ludwig (1064)/ f o r  le^im e modules and to soma o th e r
and o th e rs
1 4 .
.mom-1  egw&e modulated pismtep e,g., Almuc amd Myrica#
By s im i la r  exparimemtB co n firm a tio n  o f  n itr o g e n  
f i x a t i o n  in  th e  r o o t  m odules o f S h ep h erd ia  îm e now W en 
Bought and r e l a t e d  a s p e c t s  Im v ee tlg a ted #  Borne o f  th e  
fo llo w in g  d a ta  o b ta in e d  f o r  B hepherd ia  have a lr e a d y  been  
p u b lish e d  (G ardner & B ond, 1©§?).
1 5 .
,  ..
F ra  I t  a o f  B M feerd âa  oam adenala. M u tt# , w ere o b ta in e d  
from  O ta re h i l l t ,  M anitoba, th ro u g h  P ro fe se o r  E.w* l ia d fo r th . 
aeim lm atiom  a ta d io e  on aeedm from  thea© f r u i t s  by Bond in  
1955 had Blmwa t h a t  th e  p ro  tre a tm e n t o f  th e  seed s Im m o is t 
aand a t  -^8^0 f o r  f i v e  weeka p r i o r  to  sowimg gave b e t t e r  
r e e u l t s  th a n  a lm lla r  a-torage e i t h e r  a t  room tem p era tu re  o r 
a t  -8^0* & ,  IS iG , th e r e f o r e ,  th e  seed  waa p r o t r e a te d  a t
#3^0 f o r  s e v e r a l  w e k e  b e fo re  sowing in  t r a y s  o f  aancl 
molatamed w ith  Grome's s o lu t io n  f r e e  o f  oomblmed n itro g e n *
The f i r s t  s e e d l in g s  appeared  a f t e r  6 d ays and 65^ g e m iim -  
t io n  viaa o b ta in ed *  When ime eotyX edons were b e g in n in g  to  
sp read  th e  s e e d l in g s  were tr a n s p la n te d  from  th e  sand  and  
t h e r e a f t e r  grown in  w a te r  c u l t u r e ,  a s  d e s c r ib e d .
P re lim in a ry  m odu la tion  s tu d ie s  had been  c a r r i e d  m t  
in  th e  a p r in g  e f  1955 by Bond, when am inoculum  was p re p a re d  
from  m odules o f  a  p la n t  o f  B .a rg em tea* grow ing i n  E dinburgh 
Royal B o tan ic  Gardena* l o  m odulation  was o b ta in e d  in  t h i s  
exper hmemt, th e  reaso n  n o t be ing  obvious* However, Bond 
l a t e r  fourni a a t i a f a e to r y  n o d u la tio n  to  occur when Bhephordia 
ro o ts  w ere b rushed  w ith  a  auapem aien p re p a re d  from  E lppophai 
nodu les*  lo b a rg  (19$#) had a lre a d y  shown t h a t  E ippophai 
and E laeagnu# were c r o s s  In o c u la b le  end hence i t  would now 
ap p ea r t h a t  th e  emdophytem o f  th e  th re e  g e n e ra  a re  id e n t ic a l*
16#
F o r th e  maim 195# ex p erim en ts  a t te m p ts  were made to  
o b ta in  Shephe'M ia modu3.ee from  Oamada f o r  im o eu la tlo a  p u r -
f bwww<<j s*yy— ^
poeea* Bimee, how ever, th i s  proved im p ra e tie -a b le , 
Hippopfea# ....ïtiamoidea n o d a le s  tm m  S t.A ndrew s, F i f e , were 
u sed  Im tme p ro p o r t io n  3*8 gm* modules to  100 m l ,  w ater*
à  a im il number o f  p la n ta  wore im oeulateci when t i l e j  bad 
reach ed  th e  tw o - le a f  s ta g e  b u t  f o r  the  m ajo r experim en t 
in o c u la t io n  wae n o t perform ed u n t i l  th e  f o u r - l e a f  s ta g e .
f h la  m ajo r e x p a r lim a t wao d es ig n ed  to  in v e s t ig a te  n o t 
o n ly  th e  p o s s ib le  n i t ro g e n  f ix in g  p r o p e r t ie s  o f  th e  p la n ts  
b u t a l s o  th e  e f f e c t  o f  th e  pH (5 .0 ,  6*0 and 7 ,0 )  o f  th e  
c u l tu r e  s o lu t io n  and th e  p re sen ce  o f  sm a ll am eunts o f  com­
b in ed  n i t r o g e n  (# " and 80 mgm. n itro g e n  p e r  M tea.) on neduXa* 
tio n *  Some 180 p la n ts  w ere used  in  t h i s  ex p e rim en t.
Once m odules had ap p ea red  on th e  r o o t s , co u n ts  w ere 
made ev ery  second o r  t h i r d  day on each  p la n t  f o r  6 weeks* 
A bout t h i s  tim e when m odulation  had become w e ll  e s ta b l is h e d  
c o n tin u o u s  fo rc e d  a e r a t io n  o f  th e  c u l tu r e  s o lu t io n  was p ro ­
v id e d , th e  b u b b lin g  tu b e s  co m sia tin g  o f  f i n e  bo re  g la s s  
c a p i l l a r y  w ith  o b liq u e ly  groim d ends#
17.
Im th e  1956 e x p e rim e n t, l a  which th e  p la n ta  were 
ia o c u la te d  a t  th e  f e u r - l e a f  a ta g e ,  a o â u le a  mare found to  
develop  E a h l a f a e t e r i l j  mt th e  r o o t s  immersed im e o lu t lo a a  
o f  pB 6 ,0  aad  7*0 , Im t f a i l e d  co m p le te ly  to  dev elo p  on th o se  
■at p i  6*0* So modules w ere fmaml om th e  r o o ts  o f  m im ocu ia t*  
ed co m tro l p la a ta  a t  may o f  the  th r e e  pH le v e ls *  I t  was 
a l s o  shown th a t  Shom herdia p la n ta  w ere cap ab le  o f  g row th  a t  
pE 8*0 i f  p ro v id e d  w ife  ooit> ined mltrogem* Heace th e  
f a i l u r e  of m odula tion  a t  t h i s  pH was due to  th e  e f f e c t  on 
th e  module orgamlam m th e r  th a n  om th e  h o s t  p la n t*
Xfoclulatiom a ls o  f a i l e d  in  th e  p re se n c e  o f  00 and o f  
§ mgm* aBMonium n itro g e n  p a r  l i t r e  o f  c u l tu r e  a-olatiom*
Data o n  th e  e f f e c t  o f  pH and th e  p re se n c e  o f  comb to e d  
n i t r o g e n  cm m odulation  a re  g iven  im T able 1,.
The p la n ta  s u p p lie d  w ith  com bined n i t r o g e n , a lth o u g h  
w ife o u t n o d u le s , grew more s t ro n g ly  to  th e  e a r ly  s ta g e s  th e n  
th o se  w ith  m odules to  m ltm gem  f r e e  s o lu t io n ,  a s  shown to  
P la t e  1 ,  # m  form er p la n ts  had th e  ad v an tag e  o f  a v a ile b l.e  
n i t r o g e n  d u r in g  fee  p e r io d  b e fo re  m odules had form ed and 
become fum etlom al on th e  l a t t e r *  However, a f t e r  ab o u t two 
menthe fee  r o o ts  o f  th e  co ifetoed  n i t r o g e n  p la n t s  c e a se d  
grow th and aaeumed an  u n h e a lth y  ap p earan ce  su g g e s tin g  t i i a t  
c u l t u r a l  e o n d itio n a  were to  some way u n a u ita b le #  The pH o f
%ble 1
E f fe o t  o f  pH ami th e  P reaeaee  e f  Gm#lmeé
M Itragem on Heâul^itlom  %n Bhe.#ma?â&#, canadensis*
S3œïSS£^S1^ ffiïï?a^«SSSaS!3æg£S!S!ÏÊÏJK3LSæSj5Sa§ïïæia'S^sr^ ^^ i2S!SS3K^
pH o f  
e t a X t u f a  
a o l ' a t l o i i
mgrn,*
p a ^  1 1  W e  
o f  a m l W r e  
s o l u t i o n
T o t m l  m m h a r  
o f
p la n t s  e a t  np'
I n m h e f  
o f  p la n ts  
n o â n la te d  5 
w e e k #  a f t0 -5 ?  
In o e n la tio n
5 ^ 0
6 * 0
Y * 0
7 * 0
0
0
0
S '"
^4t
IB
0
3 9
0
0
f t e  ammonium e e m tœ t o f  the  e u l f e f e  e o la t io n  
wm cletemiiimed p e r lm d le a lly  smû f a r & e r  
amoamta added a s  ra q a in e d  t o  o-ompenaat© f o r  
u p ta k e  th e  p la n ta *
Plate 1.
P la n ts  o f  Sheiriierdia c a n a d e n s is  5 w eeks a f t e r  
in o c u la t io n .
L e f t  t o  r i g h t :  P la n ts  s u p p lie d  w ith  20 mgm,
ainmonium-niW ogen p e r  l i t r e  o f  c u ltu r e  s o lu t io n ;  
n o d u la te d  p la n t s  in  n i t r o g e n - f r e e  s o lu t io n ;  
c o n t r o l  p la n ts  in  s im i la r  s o lu t io n .
(X 3 / 5 ) .
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these Boliitiœa ime matched c a r e f u l ly  and certainly naTOr 
f e l l  helo?/ 0*0. â a m tte m  o f  th e se  s o lu t io n s  was found  to  
have mo b é n é f i c ia i  ©ffeotB- on th e  ro o t  a* fh e  aymptome 
tfo ra  however eonflm ed to th e se  p a r t i c u l a r  p la n ta  and were 
laves tlgated later*
In  a itro g a n -^ fre a  aoX ution a t  p i  0*0 and 7*0 th e  first 
module# a p p e a re d  18 day# a f t e r  ia o e u la t lo n  m û  p r a e t i e a l l y  
a l l  p la n ta  w ere m odulated  in  w eek s . F ig u re  1 showa 
t h a t  the. t o t a l  mmmher o f  m odules was g r e a t e r  a t  pH 6*0 th a n  
a t  pH 7 ,0  and th a t  in  b o th  oaees th e  number waa a t l l l  in ^  
c r e a s in g  when r e g u la r  eoum tlng was te rm in a te d  aftex^ a l z  
weeka* 17 w eeks a f t e r  in o c u la t io n ^  when seme o f  th e  p la n ts  
were harvested^» th e number o f  n o d u le s  p e r  p la n t  ran g ed  up to  
50^ th e  l a r g e r  m odules th e n  showing a  b ran ch ed  fom m tlom  a s  
:lm o th e r  non-legum a r o o t  modules*. f la t©  B i l l x i a t r a t e s  a 
ty p lo a l  n o d u la te d  r o o t  sy stem  a t  t h i s  stag e*
â l'iiio iigh  f o r  th e  malm 1986 okperlm em t th e  p la n t s  w ere 
n o t  in o c u la te d  u n t i l  th e y  had a t t a i n e d  the  f o u r - l e a f  s t a g e ,  
11 p la n t s  had  a la o  W en  Im oou lated  when o n ly  two le a v e s  had  
d ev e lo p ed . A f te r  6 weeks one p la n t  showed two mockilea, 
an oth er  o n e , and th e  rommlmder were ua^m odulat-od. Bond-, 
laeC onnelli & MoOallum (1956) had n o te d  a  sM ilax* phenomenon 
i n  th e  r e l a t e d  gmms Hinnhplmë' where o n ly  6 o u t o f  36 p la n ta  
im o cu la ted  a t  th e co ty led o n  s ta g e  e v e n t u a l ly  form ed m odules*
F I G U R E  I.
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DAYS FROM INOCULATION
P r o g r e ss  o f  n od u le  fo rm a tio n  on S h ep h erd ia  ca n a d en sis  
p la n ts  grow ing in  c u ltu r e  s o lu t io n  o f  d i f f e r e n t  pH.
The d a ta  f o r  pH 7#0 were c a lc u la te d  from  cou n ts a c t u a l ly  
made on 24 p la n t s .
Plate 2 .
N od u lated  r o o t  system  o f  S heph erd ia  c a n a d e n s is . 
f v o m  w a ter  c u l t u r e ,  17 weeks a f t e r  I n o c u la t l o a .  
(X 1 / 2 ) .
l e .
I t  la  w e ll known that in  Xegaaea am Important fa c to r  in  
m odulation I s  the l e v e l  o f  th e  carb ohydrate/n itrogon  r a t io ,  
■file hypotliaa is g propounded by l i ls o m  (1940)^ i s  th a t a  h igh  
Aarbohydamtq/nitrogen r a t io  favours m odulation and a low  
m.0  in h ib i t s  I t .  In view o f  the above f in d in g s  t h is  fa c to r  
might a ls o  be : c a se  o f  glpponhaB a%%d
Bhenherclla. Experlmemta were tim e s e t  up to  t e s t  # i l s
suppoaitiom , H iip ophaS rhanmoides .aeedXinge were tm n a -
p lanted  in to  n itro g en  f r e e  so lu tio n  a t  the coty led on  sta g e  
m%û grown tim e fo r  the d u ration  # f  th e  ozperlment# Differ'-* 
e a t  groups o f th e s e  plamts were im oeulated a t  a u c c e e s lv e ly  
l a t e r  d a te s . The n itrogen  content o f  s im ila r  p lants' In  
s im ila r  conditions- was determ ined a t  each In o cu la tio n  d a te .  
I t e  r e e u lt s  presented  in Table & c le a r ly  show a s  the
carb oh yd rate/n itrogen  r a t io  rosOj. th e in f e c t ib i l i%  of the 
p la n ts  increaaed  rap id ly*  Im the la a t  s e t  o f  p la n ts  to be 
in o cu la ted  n od u les appeared a f t e r  11 d a y s , which i s  the  
sh o r te s t  tim e y e t  emperlemced fo r  any mon^-l-egume*
S im ila r  Inveatigm tlona were made w ith  Shepherdia  
cmmadensie in  1967 , Although troub le was esm erlenced w ith  
browning; o f the roots^  so th a t p la n ts  were not maimtalned 
a f t e r  nodulation^ th e r e s u l t s  in  fa b le  5  do in d ic a te  a 
s im ila r  p ic tu r e  to  those o f Eipnomha#.
A fte r  17 weeks^ growth from the d a te  o f  in o c u la tio n  in
B fT ect o f  N itro g e n  s t a t e s  o f  f l a a t  on
Infection in lit , I  .
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th e  înmia S h ep h erd ia  ex p er im en t 6 n ed u la tec l and 5 n o n -
m odulated  eem teo l p la n ts  w ere haii^veated, T tese  p la n ts  a re  
shown in  P la te  6 and t h e i r  h a rv e s t  d a ta  prosexited  in  T ab le  
4 ,  The Biost v ig o ro u s  n o d u la te d  p la n ts  w ere s e le c te d  to  
a s s e s s  maxlrmm b e n e f i t  o f  m o d u la tio n , The oom tro l p la n ts  
w hich h ad  remmlned w ith o u t n o d u le s  new showed l i t t l e  f u r t h e r  
g row th , They Imd d ev eloped  in c re a s in g  s ig n s  o f  n ite o g e n  
d o f ie is n e y  w ith  p rem atu re  y e llo w in g  and l o s s  o f  la a v e a .
The m odu la ted  p la n t s  were now o b v io u s ly  s u p e r io r  to  th e  con­
t r o l  ones i n  sh o o t heightj,. r o o t  le n g th y  d ry  w e ig h t m^d 
'n itro g e n  c o n te n t a l th o u g h  tl'ier© had  baea  a  ten d en cy  to  
lo s e  le a v e s  b e fo re  aodu3*ation was f u l l y  ea tab X iah ed ,
O a lo u la tlo n s  fromi th e  f% ta in  T able 4 ahow t i i a t  th e  
mean ije rc e n ta g e  n i t r o g e n  c o n te n t o f  the r o o ts  and sh o o ts  
to g e th e r  from  n o d u la te d  p la n t s  was 2.^87 compared w ith  4 ,3 6  
f o r  n o d u le s  a lo n e^  much m r i a t i o n  b e in g  shown i n  the  n o d u le  
f ig u r e  f o r  in d iv id u a l  p l a n t s ,  la d u le  d ry  w eigh t a s  a  p e r ­
c e n ta g e  o f  t o t a l  d ry  w e ig h t amounted to  B.,9, The p e rc e n ta g e  
n itrag em  f o r  th e  c o n t r o l  p la n te  was 1 ,5 6 ,
The rema^lnlng p la n t s  wo,x'*e su b se q u e n tly  m t e t a i n e d  o v e r  
the  w in te r  momthe, B o lu tlo n a  worn c o n tin u o u s ly  a e ra te d  
th ro u g h o u t t h i s  p e r io d  and the s o lu t io n s  c o m p le te ly  x^enewad 
from  tim e to  t im e . In  s p i t e  o f  t h i s h o w e v e r ^  to th  r o o ts  
and n o d u le s  becmme bx’own and s o f t  and i t  ap p ea re d  t h a t  th e
Plate 3.
P la n ts  o f  S h ep h erd ia  c a n a d e n s is  a t  tim e o f  
h a r v e s t  a f t e r  grow ing f o r  17 w eeks fixxn  
d a te  o f  in o c u la t io n  in  n i t r o g e n - f r e e  
s o l u t i o n .
L e f t :  N od u lated  p la n t s .
R igh t : N on -n od u la ted  c o n tr o l  p la n ts  w hich  bad  
sh ed  a l l  t h e i r  le a v e s  a s  a r e s u l t  o f  
n i t r o g œ  d e f i c i e n c y ,  (X 1 / 3 ) ,
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planta were not thriving in culture solution. It thus
became neoasaary to discard the plants,
The growth o f  non-nodulated Shepherdia plants in the 
presence of combined nitrogen was fhrther studied in 1957, 
I f ÿ In the presence of amaoniujn nitrogen, the pH of the 
solution w a s  maintained at 5,4, growth was satisfaetoi'y, 
Plate 4 shows plants so treated. At this pH the roots 
remained healthy, in contrast to the findings of the pre­
vious summer, when the pH was kept at 7.0.
Plata 4.
m
N on -n od u la ted  Shetfaerdla  c a n a d e n s is  p la n t s  
in  C rone*8 s o lu t io n  pH 5*4 w ith  20  mgm. 
ammonium n itr o g e n  p er  l i t r e .  (X 1 / 4 ) .
fiaa- o o n d it  io n a  umder w hich module a a r e  f o  w e d  on th e  
ro o ts  e f  S h ep h erd ia  oaiiaé.enaia a re  v e ry  s im i la r  to  th o se  
a lre a d y  o b ta in e d  by  Bomd, MacConmell & MeOallusi (1056) f o r  
lio B o p h a i ..rhammo.idea^, a l th o u g h  th ey  d i f f e r  a p p re o ia h ly  
from  oorreapom dim g d a ta  f o r  M yrloa and Almms a s  g iv e n  by 
Bond g F le tc h e r  & F argaaon  (1054) * In  p E r t i e u l a r ,  th e  
S hepherd ia  module organ ism  does mot show su e h  a  g r e a t  a c id  
to le r a n c e  .as do th o se  o f  Myrica am# Almua s in c e  a  pH o f  5*0 
i n h i b i t s  m o d u la tio n , I 'o d u la tio n  has a l s o  te e n  sh o rn  im 
She p h e rd ia  to  be much more a e n a l t iv e  t o  th e  p reaenoe o f  com- 
blmed m ltrogem  im th e  culttiTO medium th a n  i s  th e  c a se  in  
A lim s and f e r i c a ,
The v iew s e x p re sse d  b j  Hobbe & H lltm e.r (1904), t h a t  
th e  f i x a t i o n  .of a tm o sp h eric  n i t ro g e n  may be a s s o c ia te d  w ith  
n o d u la tio n  in  S hepherd ia  a r e  confirm ed  by th e  grow th es^perl- 
ment -data p ro v id ed  in  T ab le  4 , These d a ta  show d e f i n i t e l y  
th a t  m odulated  Bh ep h eM ia  p la n ts  a r e  a b le  tO' grow and in -  
c re a s e  t h e i r  n i t ro g e n  c o n te n t  in  a  s o lu t io n  f r e e  o f  combined 
n itro g e n *  The h ig h  p e rc e n ta g e  n i t ro g e n  c o n te n t o f  th e  
m odules compared w ith  # e  r e s t  o f  the  p la n t  Im dioatoa th a t  
i t  l a  In d eed  w itM m  th e  module th a t  th e  mltrogom i s  i n i t i a l l y  
fix ed *  A d d itio n a l  ev id en ce  o f  f ix a t io n  and o f  th e  m odular 
fum etion  o f  th e  f i x a t io n  h as  r e c e n t ly  been s u p p lie d  by Bond
(1057b) by a abort tom isotopie teat. After exposing the 
root ay a terns of nodulated Bhepherdia plants to an excess of 
free for 7S hours the greatest aocumulat 1 om of the 
isotop© fixed was subsequently found in the modules,
From sa eh results i t  la clear that In the Shepherdia 
nodule there exists a symbiotic relationship between endo- 
phyte and host plant similar to that of the legumes in 
whicli the products of modular fixation are made available for 
use by the plant ae a whole.
I f , aa has been mentioned earlier, i t  ia true that 
modules of a ll  three genera of the Elaeagmaeeae harbour 
the same organism, then the use of HtopopîmS material for 
inoculation purposes need not detract from the ecological 
a 1 1^ If loanee of the above experiments. Admittedly evidence 
of fixation has- only so far been obtained for Shepherdia 
plants in water culture, but #ere appears to be no reason 
to doubt, however, that nodulated plants under field  eon- 
ditiens w ill be active in fixation, Support for this Idea 
is  given by Moss {1955) who holds, what may well be a v i^de- 
spread view, that Hi© pro same© of S..canadensis ia an Indien- 
tlon of poor so il conditions. Baup (1941) found Shepherdia 
to occur very frequently in the arctic and sub-aretie re­
gions of Earth America and speculated that i t  might possess 
special aoiteenriehimg. powers* Crocker & Major (1955) also
2 4 .
r e p o r t  t h a t  ghepke r â l a  i s  p rom inent In  th e  e a r l y  s ta g e  o f  
p la n t  sue GO a S ion on r e o e n t ly  clegX aeiated a re a s  a t  G la c ie r  
Bay. tJ n fo r te n a ta ly  d e f i n i t e  c -o n f im a tio a  o f  n o d u la tio n  
o f th e  p la n ts  i n  such s i t u a t i o n s  ia  lack in g .. The r e p o r ts  
do how ever a u g g e s t t h a t  th e  S hepherd ia  p l a n t  in  th e  f i e l d  
can grow in  v e ry  poor s o i l s  and b e in g  a b le  t o  o b ta in  
n i t ro g e n  from  th e  a tm o sp h ère , th r iv e .  On decay ing  i t  w i l l  
th e n  e n r ic h  th e  s o i l  w ith  n i t ro g e n  and th u s  a id  the  grow th 
o f o th e r  p l a n t s  on the  same a r e a ,
3)r, J* Toraamae, of the Geographical Survey of Canada 
1ms Informed ua that his xmpublialied pollen atadiea show 
.ahe-nlierdia to have been of frequent occwrence in early 
poet g l a c i a l  times In Canada, Thus both in the présent 
and In the past Bhopherdia would appear to be the Maw World 
counterpart of
B teo r te n a is........
The gemie Blaeagnm# oom prisaa 60 ape a le a w hich 
o eon r w id e ly  in  A s ia , Europe and N orth  America* Mb-hj o f 
these species earn v e g e ta te  im similar oomditioms to 
Shen h erd i a  and liB p o p lm l # b e in g  fo u n t a lo n g  th e  edges o f  
w a te r  c o u rs e s , in  d r ie d  u p  w a te r  c o u rse s  o r  on sc re e s*  
O ertaim  speolea however (E^mungsans and E.Semryl) have 
xB rophy tlc  olmraoters w ith  leathery leaves amd sp in y  sh o o ts  
and grow im s o i l s  met too r i c h  in  calcium, 
grow# om the sh o re s  o f  the Modi ter rameam * As in  |
mia -30 ia  Bagagmm, # 3  iÈ iiL v a  geaas of the
B laeag im eoae, m odu la tion  a p p e a rs  to  be o f  g e n e ra l  o c c u rre n c e  
and t e a  be-mm re c o rd e d  s in c e  IB?6*
lobb© & E i l t n e r  (1§04) grew two p la n t s ,  one n o d u la te d  
and th e  o th e r  mom-modulated, o f 1 . a n m s t i f e l i a  in  sand f r e e  
o f  combined n i t r o g e n .  A f te r  fo u r  y e a r s  th e  m odulated  p la n t  
t e d  a t t a in e d  a  W l # i t  o f  ISO cm, eoMipared w ith  ®4 cm. f o r  
th e  mom-modulated c o n t r o l ,  A t e n t a t i v e  su g g e s tio n  o f  
n i t r o g e a  f i x a t io n  by th e  module# was hem ce p u t fo-rw ard.
Borne y e a r s  l a t e r ,  im th e  c o u rse  o f  ex p é rim en ta  irhieli demon- 
a t  r a te d  th e  c r o s s - in o c u la t io n  betw een B laeaim ua and Hipmplmt 
Boberg (1966), r e p o r te d  sigma o f  th e  f i x a t i o n  o f  a te o a p h e r ic
8 6 .
m ltrogem  Im b o th  geaom ., Pamomjam (104.S), whose p a p e r  i s  
a v a i la b le  omXj Im amimary f o m ,  a ls o  s t a t e d  t h a t  he had 
ovl&emce t h a t  m odulated  p la n ta  o f E laeam m a ware imdepemâemt 
o f  the  p raaan a a  o f  eombimaâ m itm gem .
I t  waa w ith  th e  aim  of p u t t in g  th e s e  r a t h e r  vague 
e o x i je e t ira a  a s  to  th e  fumatlom o f  th e  m odules p reaem t -mi 
th e  r o o ts  o f  SlSSâSBîâ, to  a  f i r m e r  b a s i s ,  th a t  th e  follow-^
img work w-as m dortakem * P a r t  o f  t h i s  work h as  reo em tly
beam p u b lish e d  ( a a r # m r ,  1 0 5 $ ).
8 7 .
E# p re v io u s  Informât lorn <m th e  g e m im a tio a  o f  
m seed  eouXd be found* E-ixmbeXlata seed  waa ob- 
ta lm ad  from  Thompson & Morgan, seed  m ereham ta, Ipaw ieh in  
1985* After t r e a tm e n t  a t  42^0 f o r  s e v e r a l  w eeks, w hich l a  
th e  i ia u a l p ré  tre a tm e n t f o r  Einnopha# and S hepherd ia  s e e d , 
th e  Beads were sown in  aamd in  March 1956 b a t  no g e rm in a tio n  
resulted. Seed of I æ su MMqIM  was then oh tallied from 
V llm erln -A n d rleu x , S#A. F a r ia ,  v ia  E dinburgh  Royal B o tan ic  
G ardens, in  F eb ru a ry  1956, and  sown in  sand  w ith o u t any 
previous treatment# A 48  ^ germination resulted* This 
B pociea was thua u se d  throughout; th e  fo llo w in g  s te d ie e *
S ince  germlmatlom was n o t a t  a l l  imlfomm, b e in g  sp re a d  over 
6 w eeks, the eeed lim ga a v a i la b le  for in o c u la t io n  p u rp o ses  
were n o t  a l l  a t  th e  aame s ta g e  of development a t  a  g iv e n  time* 
T h is  m e c a s a lta te d  r a t h e r  long term  growth ex p erim en ts  to 
obtW.m s i g n i f i c a n t  d if fe r e n c M .
ih e  ta p  r o o t  o f  th e s e  s e e d lin g s  e lo n g a te d  v e ry  
ra p id ly  a f t e r  g e rm in a tio n ^  hence tra n s p M n tin g  o f  th e  s e e d -  
l in g s  to  w a te r  c u l tu r e  was begum even b e fo re  th e  c o ty le d o n s
Two to  th r e e  weeks a f t e r  tram sp lam tlng  and w h ile  s t i l l  
I n  medium c o n ta in in g  com bined n i t ro g e n  th e  r o o ts  became 
r a th e r  s tu n te d #  T his was th o u g h t to  be due to  la c k  o f  i r o n .
88
œ d  hence the  pH the s o lu t io n  was low ered  t o  5*5 
f e r r i c  c i t r a t e  added* This tre a tm e n t ap p eared  to  be 
e f f e c t iv e  and norm al grow th e-ontimued*
In o c u la tio n  was e f f e c te d  by a p p ly in g  to  th e  ro o ts  a  
su sp e n s io n  o f  c ru sh ed  n o d u les  o b ta in e d  (by th e  k in d n e ss  o f  
th e  G nr& tor) from a p la n t  o f  E^punRen# .growing i a  Glasgow 
B o tan ic  G ardens * fli© Imoculum waa u se d  a t  a  s t r e n g th  o f  
B gma. o f  n o d u le s  In BO ml# ta p  w a te r .  A f te r  4  weeks no 
m odules had  ap p ea red  en any  o f th e  p l a n t s ,  and i t  was con­
c lu d ed  t h a t  th e  teooulum. had been im active*  As n o te d  a l ­
re a d y , a c c o rd in g  to  Bobarg (1966) th e  two g en e ra  llaeagm ua 
and  g jp p o p h a f a r e  o ro s s  in o c u la b le *  A f u r t e e r  imooulam 
was th e r e f o r e  p re p a re d  from  Hi.poopimë rhaiim oides modules 
grow ing Im th e  greenhouse*
H.10 p l a n t s  w ere su b se q u en tly  grown th ro u g h  th e  m im ier 
and e v e r  th e  fo llo w in g  w in te r  w ith  p e r io d ic  chang ing  o f  th e  
c u l tu r e  s o lu t io n s  and f r e q u e n t  check ing  o f  t h e i r  pH. The 
p la n ts  war© @ventual.3.y h a rv e s te d  15 months a f t e r  te o c u la t io n .
29
R esults
As th e  f i r s t  sigma o f ao âu lo  fo rm a tio n  were n o te d  
o n ly  f i v e  days a f t e r  th e  in o c u la t io n  w ith  Blonoplmb 
m a te r i a l , i t  l a  not a b a o lu to ly  ee rta im  to  w hich In o c u la t io n  
th e  fo rm a tio n  o f  th e s e  f i r s t  modules l a  to  he a s o r ih e d ,  
th o u g h  i t  l a  more p ro b a b le  th a t  th e  Hlpoophab Inoculum  was 
responsife le#
By te n  days from  th e  d a te  o f  the  E lppophaë In o c u la -  
tlc m , how ever, numerous m odules mere p re s e n t  on the ro o ts  
o f  th e  p la n ts  In o c u la te d  in  n i t ro g e n  f r e e  s o lu t io n  a t  pli 6*0* 
Mo n o d u les  ap p eared  on th e  c o rreap o n d in g  p la n ts  a t  pH 5 .0  
o r  on th e  u n im o cu la ted  c o n tro ls  * Once n o d u la tio n  had been 
e a tm b lieh ed  th e  p la n ts  began t© make good g row th  in  n i t r o g e n -  
f r e e  c u l tu r e  s o lu t io n  * D uring th e  f i r s t  seven  weeks a f t e r  
Im o cu la tlo n  th e  c o n tro l  p la n ts  w hich w ere w ith o u t n o d u le s  
shewed o n ly  f e e b le  developmxent and began to  shed  t h e i r  
le av es#  w hereas th e  m odulated  p la n ts  made s a t i s f a c t o r y  
g row th . F ia n t a seven  w eeks a f t e r  in o c u la t io n  a r e  shown In
P la te  i ,  w h ile  P la te  # i l l u s t r a t e s  a  t y p i c a l  r o o t  system  
from one o f  th e s e  n o d u la te d  p la n ts#  The n o d u le s  w ere w h ite  
in  c o lo u r  and b eg in n in g  to  show a  lobed  s t r u c t u r a  due to
S in ce  n o d u les  were not formed u n t i l  l a t e  In J u ly ,  
the p la n ts  w ere not harvested a t  th e  end o f t t e l r  f i r s t
Plate 5.
a
-y;-!)
P la n ts  o f  S laea^ n u s a n g u a t i f o l la  7 weeks 
a f t e r  in o c u la t io n *
L e ft  %- n o d u la ted  p lan ta*
H ig h t : -  n o n -n o d u la ted  c o n tr o l  p la n ts  (X l / 4 )
P la te  6*
N o d u l a t e d  r o o t  s y s t e m  o f  L l a e a g n u s  a n g u B t i f o l i a  
f r o m  w a t e r  c u l t u r e #  7 weeks a f t e r  i n o c u l a t i o n .
( X  a/6 )
60*
season  * s g row th  b u t a llo w ed  te  grew on in to  a second.*
M  t h e i r  second, aeaaon th e  n o d u la te d  p la n ta  w are spaced
o u t ,  one p a r  ja r#  same in  and o th e rs  Im 5 l i t r e  con-
ta in a ra #  The e o la t io n  in  c e r t a in  j a r s  waa now a la o  a e r a te d
In a  m anner s im i l a r  to- th a t  a lre a d y  d e s c r ib e d  f o r  ShOTherdia*
/
A e ra tio n  a p p ea re d  "to s u i t  th e  g la e a ff lu s  p la n t*  By th e  end 
o f  th e  second se a a a n ta  grow th th e  -mrnddlea had became mmoh 
l a r g e r  compound branched, a t  too ta ro s*  A % p lc a l  r o o t  
system  i s  shown lit P la te  7*
A fte r  15 months * grow th th e  p la n ts  w ere t e r  vested*  
T y p ic a l p l a n t s  a re  shown to  P la te  8 and th e  h a rv e s t  d a ta  
p re s e n te d  in  Table B* lo d n la to d  p la n ta  a r e  aeon to  be 
v a s t ly  s u p e r io r  to  e v e ry  way# nm m ly to  ais©# d ry  w e ig h t, 
and n i t r o g e n  c o n te n t#  to  th e  co m tro l p lanta* . From th e s e  
f ig u r e s  the  p e rc e n ta g e  n i t r o g e n  (on a  d ry  %mlght b a s i s )  can  
be c a lc i i la te d  f o r  th e  v a r io u a  p a r t s  o f  th e  p la n t*  W ith in  
th e  m odu la ted  p la n t  th e  h ig h e s t  p e rc e n ta g e  n i t ro g e n  i a  to  
be found  to  th e  n o d u le s , the  a p p ro p r ia te  mean f i i -p ra s  b e in g  
f o r  th e  nodu les#  f o r  ro o ta  and 1 . 8 /  f o r  th e  s h o o ts .
The c o n t r o l  p lm its  showed a  mean /  n i t r o g e n  o f  l.*.B.#
P la te  7 .
N o d u l a t e d  r o o t  S y s t e m  o f  L l a e a g n u s  a n g u s t l f o l i a  
a f t e r  tw o  s e a s o n s '  g r o w t h  i n  w a t e r  c u l t u r e ,  ( a  2 / 5 ) .
Plate 8.
I
P la n ts  o f  E laeagn us a n p n a stlfo lla  a f t e r  two 
sea so n s*  grow th  in  c u l t u r e  s o lu t io n  f r e e  o f  
com bined n itro g en ^  th e  p la n t  on th e  l e f t  
b ea r in g  r o o t  n o d u le s . (X 2 / 8 ) .
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S I ,
B lse tiss io n
I t  worn Id  seem f  pern the im rk  o f  Robe.rg (1985) and 
th a t  r e p o r te d  Im th e  p re v io u s  su h ^ e e e tio n  on gheph e rd la  
t h a t  th e  m odules o f  a l l  th e  l la e a ^ ia o e a e  h a rb o u r  th e  same 
endophjrte* I f  t h i s  :1b in d eed  tru e  them th e  u se  o f  
l ip p o p b a i nodu'lea a s  a  a on re#  o f Imoemlnm doaa mot d e t r a c t  
from  th e  e e o lo g ie a l  1 aameo o f  thaao  e x p o r t e n t  s»
The 0 'omditioms f o r  m odulation  o f IX aea^nua In  w a te r  
m ix tu re  are,^ aa  f a r  a s  th e ^  have been s tu d ie d ^  s im i la r  to  
th o se  a lreW .^  reported f o r  §^ephprd^a.. nodulation being  
in h ib i t e d  by meld o o n d lt lo n a * namsly^ a  pH o f  5^0,
TIaat e o n t r o l  p la n ta  o f  B * s n m s t: l fo l ia  w ith o u t n o d u les  
êltmîBû v e w  f e e b le  developm ent w hereas n o d u la te d  p la n ts  
grew s a t  l a f  a c to r  i l y  and  aeeum ulatad  a u b a ta n t i a l  amount a o f  
n i t r o g e n  whom, grown f o r  B eeaaons in  s o lu t io n  f r e e  o f  com- 
b in e d  n i t ro g e n   ^ esn  be seen  from  T able 5 and P la te s  5 and  7 ^  
I t  i e  obvious t h a t  f i m t r l m  o f  a tmos p h e r ic  n i t ro g e n  was 
a s s o c ia te d  w ith  th e  n o d u la te d  p l a n t a n d  th e re  a r e  good 
re a so n s  f o r  eome-Mding t h a t  th e  n o d u le s  a r e  th e  s i t e  o f 
f is a tlo n .*  Im th e  ease  a f  l la e a g n u a  th e  o n ly  d i r e c t  
evideme# o f  t h i s  so f a r  o b ta in e d  i s  t h a t  th e  p e rc e n ta g e  
n i t ro g e n  co n te n t o f  the  n o d u le  d ry  m a t te r  was tvflee th a t  o f  
th e  r e s t  o f  the p la n t..  However^ s in o e  th e r e  i s  every  
in d ic a t io n  t h a t  th e  n o d u le  function  i s  a lm lla r  in  a l l  th e s e
5 2 ,
mon "'legumes * I t  l a  p e irm isa ib le  to  r e f e r  t o  evidenc©  b ased  
upon more f U l ly  s tu d ie d  gen era  w hich  p ro v es  th a t  th e  
f u n c t io n  i s  n o d u la r , ThuSj, a a  n o te d  by Gardner & Bond 
(1957)^  i f  th e  n o d u le s  a r e  removed from a p la n t  I n d ic a t io n s  
o f  n it r o g e n  d e f i c i e n c y  prom ptly  ap pear in  th e  p la n t  |  t e s t a  
w ith  ‘""I allow th a t  such p la n t s  have mo pow ers o f  f i x â t  io n  ^  
a lth o u g h  th e  d eta ch ed  n o d u le s  do pos-seas aucli p ow ers,
A g a in w h e n  th e  ro o t  ayatem a o f  n o d u la te d  p la n t s  a r e  ex-^ 
posed to  e x c e ss  f r e e  for a  s h o r t  p erio d ;, the  h igh est 
en rich m en t i s  u n f a i l in g ly  shown by th e  m odu les. By an alo g y  
i t  th e r e f o r e  seems re a so n a h le  to  conolude that in  Blaeagnus 
th e  n o d u le s  a r e  resp o m alh le  f o r  th e  fixation.*..
Because o f  th e  d i f f i c u l t y  th a t  p u re  c u l tu r e s  o f  th e  
endophytea a.re n o t availablej, th e  m odulated  p la n t s  o f  
E_lae§.gnus (and o f  th e  e t h e r  genera  .considered  in  th e  T h es is)  
were n o t.g ro w n  u n d e r  a s e p t le  o o n d itio m s. I t  cannot tim e 
a t  once b e  assum ed t h a t  th e  nodu le  em dopiyte I s  th e  a g e n t 
o f  th e  f ix a t io n ^  aa  l a  g e n e ra l ly  b e lie v e d  f o r  legumaa* 
V arious o rgan ism s may have beem in troc lucad  in  th e  inoculuBî^ 
and i t  m ight be argued  t h a t  th e  f  ix a t io n  was due to  a  oon'~ 
tamlnatimg organism associa ted  w ith  th e  n o d u le s . I t  must 
hew evar be com elu d ed  t h a t  th e  nitrogen f i x i n g  o rgan ism  la  
In sym biotic r a la t ie n s h ip :  w ith  th e  higher p la n ts  for i t  i s  
obv ious th a t  th e  b u lk  o f th e  n i t ro g e n  f ix e d  q u ic k ly  becomes 
■ available to  the h l ^ i e r  p l a n t ,  w h ile  the la t t e r  i s  the  only
m8 our ce from  whloh th e  organiam  ùun g a in  oartx^xiaeeoua 
m a te r ia l s  ^  l a r g e  amount a o f  whloh im e t be u t ' l l l a e â  in  th e  
ach ievem ent o f  th e  eb aerv ed  f i x a t i o n ,  Thus tlx© f ix a t io n  
mmat be ln tra*^nodiX a'r, and a in o e  meat o y to la g le a l  o b ae rv e rs  
have 8-aen o n ly  one o rgan lem  w ith in  the  m odule , th e re  l a  a t  
p re s e n t  no rea so n  to  d o u b t t h a t  th e  n o d u le  o rgan ism  la  
reapo ïxaib le  f o r  th e  f i x a t io n  m asoeia tod  w ith  th e s e  non- 
legm m  nodule a* Thus i t  may be oom eluded  t h a t  aa  In  othoz* 
n-on-3.0gu'M©a i n v e s t i g a t e d s o  im I l gg ag nua th e  n o d u le s  Imvo 
th e  same fU no tlon  a a  th o se  o f  th e  legumea*
A lth o u g h  n it r o g e n  f i x a t i o n  d a ta  h ave b een  o b ta in e d  
f o r  o n ly  one ape o le  a o f  H a e a m u -s . t h e r e  seam s no re a so n  
why o th e r  n o d u la te d  s p e c ie  a sh o u ld  n o t  l ik e w is e  f i x  n i t r o g e n ,  
The same argum ent h o ld s  tr u e  f o r  Bhepherdia^ and s in c e  from  
a  s tu d y  o f  th e  l i t e r a t u r e  i t  would appear th a t  n o d u la tio n  
I s  w id esp rea d  In  b o th  g e n e r a , i t  may now be sa id  th a t th e  
raoord  f o r  n itr o g e n  f i x a t i o n  i n  th e  E laeagn aoeae  la  now 
com plete^
A m easure o f  th e  n it r o g e n  f ix e d  by a p la n t  may be  
d e r iv e d  by s u b t r a c t in g  a  mean figu i*e fo r  th e  n it r o g e n  oom tont 
o f  e o n tr o l  p la n t s  from  th a t  o f  the n o d u la te d  o n e s ,  Maxi­
mum f ig u r e s  w ere o b ta in e d  f o r  ##j^ xorglia  and g^feoagms. from  
ihbXas % and 5,, These a r e  reco rd ed  In  T able 6 toge-itier  
w ith  d a ta  fez* HSnp©pteS"e F ix a t io n  by E jaeagn u s o v e r  two  
se a so n s  com pares ' s a t i a f a c t o r l l y  w ith  th e  v a lu e  fo r  Elppophaë
Table  6,,
Data fer lit-rogan flisaâ by Members of the
E laeagm aeeae .
F ix a t io n  per P la n t 
n i t ro g e n )
aaaeon
B1
moo
F a ta  from  MacOonnoll & MoOallnm (1956),
o b ta in e d  by th e  au tlio r,, Both th o se  g en era  were found to
b e n e f i t  from  a e r a t io n  o f th e  c u l tu r e  so  l u t  Io n  ^  A t y p i e a l
H ip p o ijta i p la n t  ao r e a r e d  by th e  .au tho r l e  shown M  P la te  8A
As a  whole ^  however  ^ the l la e a g n a e e a e  would ap p e a r to  be
aomewhat s lo w er n i t r o g e n  f i x e r s  th a n  o th e r  nDU-legume p la n ta .
A f ix a t io n  of lEOO mgm. nitrogen by th e  end of the second
y e a r  ie  reported in the following pages f o r  ^ r i ca  gale#
F ix a t io n  in  S hepheM la p a r t i c u l a r l y  ap p ea rs  p o o r. I t  has
a lre a d y  been p o in te d  o u t th a t  c u l t u r a l  a rrangem ent a w hich
have p roved  s a t i s f a c to r y  f o r  o th e r  m odulated  p la n t s  ap p ea red
u n a u l te d  to  Bhepherdla*
A nders sen {1955} h a s  r e p o r te d  th e  e cau rren c o  o f
l l a e a m u e  pollen i n  e a r ly  post g l a c i a l  deposits in  Oonada#
w h ile  l îa jo r  (1957) in  a  p e rs o n a l  l e t t e r  r e p o r t s  t h a t
EMSâSBlE (^G'Cure cm r e c e n t ly  do-glaciated areas o f  Alaska
w here i t  grows- -v igorously  on th e  n i t ro g e n  d e f i c i e n t  s o i l
and he co n clu d es th a t  i t  may fu n c tio n  -as d o es  th e  a ld e r  a s
a  s o i l  e m rlc h e r . From amoh d a ta  it; would Indeed .appear
Kc«i
t h a t  ll^eagm tB  may have ; in  the  p a s t  and s t i l l  has in  th e
p re s e n t  a  p a r t  to  p la y  In  th e  b io g eo ch em ia try  o f s o i l  
n itro g en * .
Plate 8A
liiodvilatcd p la n t  o f  Hjppophae grown
f o r  two sea so n e  in  n i t r o g e n - f r e e  w ater  c u l t u r e .
(X 1 /8 )
STCIÜIBS OM MÏRICA.
( a ) % rrica  m X e, L,
As a lre a d y  m entioned  in  th e  G enera l In tro d u c tio n ^  
much work has been  c a r r ie d  o u t in  Glasgow on th e  p h y s io ­
lo g ic a l  fu n c t io n  of th e  ro o t  nodu les o f Myr 1 oa g a l e , 
C o n clu siv e  ev idence  o f n i t ro g e n  f i x a t io n  by th e s e  no d u les  
has been o b ta in e d  by Bond (1951^ 1955), As n o ted  l^ y 
MaeComiall & Bond (195%j a so u rc e  o f  in co n v en ien ce  in  a l l
th e se  p re v io u s  experim ent a w ith  M,jml© has been th a t  when
n
se e d lin g s  a re  t r a n s p la c e d  from  p e a t  tm y s  to w a te r  c u l tu r e  
w ith  Oroneto s o lu t io n  and t h e i r  ro o ts  t r e a te d  w ith  c ra sh e d - 
nodu le  inoculum , a c o n s id e ra b le  m o r ta l i ty  o c c u rre d  in  the 
young p l a n t s ,  p r i o r  to  o r d a r in g  the e a r ly  s ta g e s  o f  nodule 
fo rm a tio n , The p re s e n t  a u th o r  h as  co nducted  t r i a l s  w ith  
th e  o b je c t  of f in d in g  th e  reaso n  f o r  th i s  lo s s  o f  p la n t s ,  
which c o n t r a s t s  w ith  th e  a lm ost 100 p e rc e n t e s ta b lish m e n t 
o f  n o d u la te d  p la n ts  u s u a l ly  o b ta in e d  w ith  A ln u s , Hippbopliai 
C asuarina  and o th e r  g e n e ra ,
The folloYJing were considered  aa p o s s ib le  reaso n s  
f o r  th e  u n s a t i s f a c to r y  e s ta b lis h m e n t
(1) Orone^s s o lu t io n  aa u s u a l ly  employed may be u n s u lte d  to  
M ,g a la , and i n  p a r t i c u l a r  may be to o  co n cen tr& te d :
(2) th e  n itro g e n o u s  re s e rv e s  o f  th e  seeds may be too  sm a ll 
to  m a in ta in  th e  young p la n ts  u n t i l  th e  n o d u les  b e g in  to
56 ,
supp ly  f ix e d  n i t r o g e n ;
(5) th e  cm8hed"#nodule imooulum m ight o o n ta in  su b s ta n c e s
( e . g , ,  ta n n in e )  in ju r io u s  to  r o o t s , o r a l t e r n a t i v e l y  th e
inoculum  In  th e  s t r e n g th  p re v io u s ly  employed m ight c o n ta in
to o  few  endophy tic  c e l l s  to  g iv e  maxlimm nodule fo rm a tio n .
An Bxpex^iment was s e t  up to  p ro v id e  in fo rm a tio n  on 
two
th e  f i r s th a n d  l a s t  p o asiM X itig S o  Seeds g e rm in a ted  in  p e a t 
a f t e r  th e  u s u a l  p r e - t r e a tm e n t  a t  42^0 f o r  s e v e r a l  vmeks 
w ere t r a n s f e r r e d  to  w a te r  c u l tu r e  a t  th e  tv m -le a f  s ta g e  In  
J u ly  1956, Three c u l tu r e  s o lu t io n s  w ere em ployed, nam ely. 
Crone to n i t r o g e n - f r e e  s o lu t io n  a t  i% ll s t r e n g th  and a lso  a t  
q u a r te r  s t r e n g th ,  and a  Hoaglami n i t r o g e n - f r e e  s o lu t io n  
(Hoagland & A m o n , 1950) w hich, a*t o n e -q u a r te r  o f  i t s  norm al 
a t r e n g th ,  was fa v o u ra b ly  re p o r te d  on by Q u isp e l (1954) a s  a  
medium f o r  th e  c u l tu re  o f young p la n ts  o f A ln u s / ' Data 
f o r  th e  g ro s s  co m p o sitio n  o f th e s e  s o lu t io n s  a r e  as  fo llovm  :
H oagland to KOI 0*96 gm,
m -fre e  CaClg 1*59
s o ln .  MgSO  ^ 1^20 "
( d i lu te d  form ) EH^FO^ 0 ,5 4  "
D i s t i l l e d  w a te r  10 l i t r e s  
't  10 m l, A - % soXn,
4- 10 m l, Fe t a r t r a te  ( s a t . ) .
37,
Dis so lv ed  m a t te r ,  lînd i s  so lv ed  m atte  
gm, p e r  l i t r e  gm, p e r  l i t r e
o f  s o lu t io n  o f s o lu t io n
O roneto , f u l l  s t r e n g th  1*64 0 ,6 1
Crone to , q u a r te r  s t r e n g th  0%42 Q*lé
Hoagland* B, q u a r te r  s t r e n g th  0 ,39  0
A ll  s o lu t io n a  w ere a d ju s te d  to  and m a in ta in ed  a t  pH 5 ,0  d u rin g  
th e  'd u ra t io n  o f  th e  e x p e rim e n t, Twenty p l a n t s ,  d iv id e d  betw een 
f o u r  ja r s ^  w ere s e t  up f o r  each  s o lu t io n  and w ith  each  s o lu t io n  
sm all cmnounts o f  combined n i t ro g e n  in  th e  form  o f ammonium 
su lp lia te  were added to  c e r t a i n  ja rs*
In o c u la  were p re p a re d  from  nodu les  o f  f i e l d  p l a n t s ,  
b o th  a t  th e  norm al s t r e n g th  o f  5*5 gm* n odu les suspended in  
100 m l, w a te r  and a t  twle© t h a t  s t r e n g th .  The in o c u la  were 
a p p lie d  to th e  ro o ts  i n  th e  u s u a l  way.
The p ro g re s s  o f th e  experim ent d u rin g  th e  two months 
folloYxlug in o c u la t io n  i s  in d ic a te d  in  Table 7 , Aa in  p r e ­
v io u s  e x p e rim e n ts , th e r e  was a  c o n s id e ra b le  lo s s  o f  p la n ts  in  
f u l l  s t r e n g th  Crone to s o lu t io n ,  w hich the  p ro v is io n  o f  sm a ll 
amounts o f com bined n i t r o g e n  d id  n o t p rev en t*  The lo s s  was 
g r e a te r  when th e  s t ro n g e r  inoculum  was em ployed. The dead  
p la n ts  showed no o r v e ry  sp a rse  n o d u la t io n , p ro b ab ly  b ecau se  
th e  p la n ts  w ere a lre a d y  u n h e a lth y  and e n fe e b le d  a.t time when 
n odu le  fo rm a tio n  sh o u ld  have been a c t i v e .  The d a ta  show th a t  
in  the d i l u te d  Crone * s and Hoagland* e s o lu t io n s  th e  e x te n t o f
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n o d u la t io n  and th e  o B ta b l is b œ n t  o f  th e  p la n t s  were m c li  
Im proved, The p r e a m o e  o f  the low l e v e l  o f  com bined  
n itr o g e n  p ro v id ed  i n  some ja r s  ap pears to  have been  ad-  
vaxxtageoua.
These r e s u l t s  I n d ic a te  th a t  th e  d i f f i c u l t i e s  p r e v io u s ­
ly  en co u n tered  in  e s t a b l i s h in g  M,^a‘i© p la n ts  in  w a te r  c u l tu r e  
were clue to  Ox^neto s o lu t io n  a s  u s u a l ly  employed, b e in g  to o  
c o n c e n tra te d  fo r  th e se  p a r t i c u l a r  p M n ts ,  E s ta b lish m e n t 
i s  s a t i s f a c t o r y  in  q u a r te r  s t r e n g th  Crone to  s o lu t io n  o r in  
a d i l u te d  H oagland so lu tio n *  Of th e  two l a t t e r  s o lu tio n s ^  
Oroneto^ p a r t i c u l a r l y  whon combined n it ro g e n  i s  p ro a e 'n t, i s  
p r e fe r a b le  because of i t s  su p e r io r  b u f f e r in g  power^» a s  
d em o n stra ted  by MacGomiell (1956),
The com parison  of g x w th  in  th e  d i f f e r e n t  s o lu t io n s  
was d lseon tIm ued  in  O ctober, 1 9 5 5  ^ and th e  p la n ts  w hich were 
re q u ir e d  f o r  su b seq u en t u se  in  b io c h e m ic a l s tu d i e s ,  were a l l  
t r a n s f e r r e d  to  q u a r te r  s t r e n g th  Crone* s  s o lu t io n  and o v e r-  
w in te r e d . In  th e  fo llo w in g  se a so n , th e  s o lu t io n  was g ra d ­
u a l ly  In c re a se d  to  h a l f - s t r e n g th  and the p la n ts  showed most 
p r o l i f i c  g ro w th , e n t i r e l y  on nodule n i t r o g e n ,  and a s  a  group 
t h e i r  r a p i d i t y  o f  grow th g r e a t ly  exceeded  th e  av erag e  shovm 
by p re v io u s  p o p u la tio n  a o f  M^*.ga le  p la n ts  grown in  f u l l  
s t r e n g th  Drone to s o lu t io n .  P la  te  9 shows th e  abundance o f 
th e  n o d u la t io n  e a r ly  i n  th e  second sea so n , w h ile  P la te  10
P la te  9
M
Nodulated ro o t system  o f I4yrlca g a le  showing
abundant n od u lation  and the upwardly growing
nodule roots^ ea r ly  in  the second season .
(n a tu ra l s iz e )
3 9 *
In d ic a te s  th e  sh o o t g row th  by  th e  b e g in n in g  o f  August o f  
th e  second se a so n , A ty p ic a l  p la n t  h a r v e s te d  In Septem ber, 
1956 a f t e r  14 months* grow th , f o r  7 o f  YJhloh i t  load been in  
th e  l e a f l e s s  c o n d i t io n , was found to  c o n ta in  486 mgm. 
n i t r o g e n .  The maximum n itro g e n  c o n te n t o b ta in e d  by the  
p re v io u s  w orkers a f t e r  a  f u l l  season to grow th  (7 m onths)
Y/as 78 mgm. Even a llo w in g  f o r  th e sm a ll am ounts o f  combined 
n itro g e n , added In 1955 th e r e  i s  a m arked Improvement in  
grow th , F u l l  h a rv e s t  d a ta  a re  g iv en  in  Table 8 ,
The above f in d in g s  p ro v id e  v a lu a b le  ev id en ce  o f  th e  
a c t i v i t y  o f th e  n o d u les  o f  M ,gale i n  the f i x a t i o n  of atm os­
p h e r ic  n i t r o g e n ,  and o f  th e  a b i l i t y  o f  th e  n o d u la te d  p la n t  
to  grow lu x u r i a n t ly  and p e r f e c t ly  no rm ally  in  a ou 1 tu r e 
s o lu t io n  f r e e  o f  combined n it r o g e n ,  Jxi 1956 a  second crop 
o f  M ,gale p la n ts  wa,s s t a r t e d ,  a g a in  In  th e  d i lu t e d  Crone * s 
s o lu t io n .  Two ty p ic a l  p la n ts  h a rv e s te d  a t  th e  end o f t h e i r  
second season*s grow th a t t a in e d  a t o t a l  n i t ro g e n  c o n te n t  of 
1253 and 1266 mgm. r e s p e c t iv e ly ,  in d ic a t in g  t h a t  th e s e  p la n ts  
a l s o  have shown lu x u r ia n t  grow th .
P la te  I Q .
Three ty p ic a l  nodulated p la n ts  o f liy r lca  g a le  
in  ea r ly  August a f te r  14 months* growth In 
water c u ltu r e . (X 1 / 6 )
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(b) îfff’ic a  o e r l f e r a  L.
The genus My r lq a c o n s ia ts  o f  45 s p e c ie a d i s t r i b u t e d  
th ro u g h o u t th e  te m p era te  and aub#^ trop lca l re g io n s  o f th e  
w o rld . I t  a p p e a rs  f r o 3% th e  l i t e r a t u r e  t h a t  n o d u la tio n  i s  
t y p i c a l  fo r  th e  genua, However, M..galc D. i s  th e  only* 
B peciea in  w hich the  p h y s io lo g ie a l  fu n c tio n  a o f  th e  n o d u le s  
have been in v e s t ig a te d  to  any s ig n i f i c a n t  e x te n t  (see  
G eneral In t  r e d u c t io n ) ,
M. c e r i f e r a  L . , th e  "w ax-m yrtle" l a  n a t iv e  only  to  
N o rth  A m erica, w here i t  h as  a  more s o u th e r ly  d i a t r i b u t i o n  
th a n  M .g a le . Van D o rsa l (1038) shows i t  a s  o c c u r r in g  in  
th e  80U th -e a s te m  re g io n s  o f  th e  ITnlted S ta t e s .  In  h a b i t  
i t  v a r ie s  from  a  sm a ll shrub  to  a  IB m e tre  t r e e  and i s  t o  
be found in  sandy swamps o r  w et woods toeing c o n fin e d  a lm o st 
e n t i r e l y  to  c o a s ta l  r e g io n s  (loungkan , 1 9 1 9 ),
E a rsh b e rg e r  (1903) would seem to  to v e  been th e  f i r s t  
to  re c o rd  th e  p ré se n c e  o f n o d u le s  on th e  ro o ts  o f  M .o e r l f c r a , 
a lth o u g h  tl'ia ir p re se n c e  on M.male and M.i%bra had e ilready  
been n o te d  by B rancher e t  (1886) and Shltoata (1902) re sp e o tiv e -  
l y . E a r ly  w orkers were en tli^ e ly  concerned  v^lth th e  mor­
phology and c y to lo g y  o f  th e  n o d u le . Youngken (1919) c la im ed  
th e  i s o l a t i o n  o f  an A #tlnom yceto , from  M .e e r if e ra  nodules*  
which when re  In o c u la te d  o n to  th e  r o o ts  formed in c ip ie n t  
n o d u le s . Ho\YOV©r, th e  c o n t ro l  p la n ts  a l s o  became n odu la ted^  
and F le tc h e r  (1955) o r i t i o i e e d  Xaungk©n*B o la lum .
■ 41*
A few c o n je c tu re s  a s  to  w h eth er th e  fu n c t io n  o f th o se  
n o d u les  m s  analogous to  th a t  o f th e  legume n o d u le  were 
made from  tim e to  tim©^ b u t  no a t te m p ts  w ere made to  con firm  
t h i s  e x p e r im e n ta l ly .
Seed o f  l ^ o a r l f o m  was o b ta in e d  from  Thompson & Morgan, 
Ip sw ich , T r ia l s  by Bond (1951) showed th a t  th e  h a s t  
g erm in a tio n  o f  M^gal© s e e d  was o b ta in e d  a f t e r  4 w eeks pi*©- 
trea tm en t in  m o is t p e a t  a t  Ho aueli d a ta  were a v a i la b le
f o r  M .o e r ife r a , but B arton  (1932), w orking  w lth  M .o a r o lin e n s ls ,  
a c lo s e ly  r e l a t e d  sp e c ie a  to  M ,o e r ife ra ,  r e p o r te d  th e  h ig h e s t  
p e rc e n t age g e rm lim tio n  a f t e r  th re e  m onths * s to ra g e  a t  
In 1956 a g e m in a t io n  o f  Zlf» was o b ta in e d  f o r  M .o e r lfa ra  
a f t e r  fo u r  w eeks * s to ra g e  a t  4-B^O, A f te r  s i x  moxiths* s t o r ­
age in  th e  above maimer i n  1957 th e  seed  began to  germ in ate  
In  th e  r e f r ig e r a t o r .
S ince  o n ly  a sm all q u a n t i ty  o f seed was a v a i l a b l e ,  th e  
c u l t u r e  c o n d itio n s  b e a t  s u i te d  f o r  M ^ ^ le  (se e  p re v io u s  aub- 
s e c t io n )  were em ployed, The s e e d lin g s  were ttma t r a n s ­
p la n te d  a t  th e  tw o -le a f  s ta g e  in to  "I s t r e n g th  1 - f r e e  Crone to 
s o lu t io n  o f pH 5 ,0 ,  To some J a r s  10 mgm., n itro g e n  (as  
ammonium s u lp h a te )  p e r l i t r e  v;ere added.
F o r in o c u la t io n  p u r p o se s , s in c e  m a te r ia l  o f  A L o erlfe ra
^  4BW<ttJwWtFgUI^ »feWfc'»aWW«W*Mipw^4A*rMW«»4Wi»
i t s e l f  was n o t a v a i l a b l e ,  n o d u les  from  M ,gato p la n ts  grow ing 
in  th e  g reenhouse  were used  in  th e  p ro p o r tio n  7 gm, nodu les 
to  100 m l, w a te r .
48,
In  b o th  y e a rs  in  Yliioh n o d u la tio n  was a W ile d , th e  
fo rm a tio n  o f  nodu les  on M .o e r ife ra  was alow , 4 weeks o p  
even 5 b e in g  re q u ire d  b e fo re  th© f i r s t  s ig n s  o f no d u les  
appemvPedo Ho n o d u le s  ap p eared  on th e  u iiiiio c u la te d  c o n t ro l  
p la n ts  or on In o c u la te d  p la n ts  w hich had been g iv en  10 mgm. 
n i t r o g e n  p a r  l i t r e  o f  o u l to r e  s o lu t io n ,  M odulation was in  
a l l  e a se s  v e ry  sp a rse  and was c e r t a in ly  n o t  com parable w ith  
t h a t  o b ta in e d  in  Mygale u n d e r s im i la r  c o n d i t io n s .  On© 
p o a s i b i l i t j  w as t h a t  th e  c u l t u r a l  c o n d itio n s  were n o t s u i t ­
a b le ,  b u t a g a in s t  t h i s  was th e  f in d in g  t h a t  th e  p la n ts  grew 
v ig o ro u s ly  when s u p p lie d  w ith  com bined n i t r o g e n .  A nother 
p o s s i b i l i t y  was th a t  th e re  m ight be a s p e c ie s  d i f f e r e n c e  i n  
th e  n o d u le  organ ism . S h lb a ta  & Taha,ra {1917) c la im ed  from 
oy to  l o g i c a l  s tu d ie s  t h a t  th e  ' endophyte p r e se n t in  th e  
n o d u les  o f  M.,,rubra^ l . o a r i f e r a  L . , and M .adenqphora Hanc©, 
vms ao tin o îw ee lm l i n  n a tu re  w h ile  th a t  in  G-ale g a le*  O.K. 
Seim* was e n t i r e l y  d i f f e r e n t*  The p re s e n t
a u th o r ’ s e x p e rie n c e  does n o t b e a r  t h i s  o u t ,  b u t I t  may w e ll  
be th a t  the M.g a le  ^ aodophyte i s  only  p a r t l y  ad ap ted  to  
sy m biosis  w ith  M *.cerifera*
The n o d u le B when f i r s t  foim od o f te n  showed a  p in k  
co lo u r a s  o b se rv ed  by Bond (1951) fo r  M,,ga l.e * As a  re  s t i l t  
o f  b ran ch ing  th e  young nodu le  a developed, a  lo b ed  stru o  tu re
out
a n d , a g a in  aa in  th e  t i p s  of the lo b e s  grew jform lng
45,
upw ardly grow in g  r o o t s " . These n o d u le -r o o ts  were
a t  f i r s t  unbm nched  b u t  l a t e r  th ey  f r e q u e n t ly  produced
l a t e r a l  r o o t s .  This o ccu rren ce  o f  l a t e r a l s  i s  r a r e ly  seen  
in  M .gale . In one in s ta n c e  th e  fo rm a tio n  o f  a nodu le  on a  
m odu le-roo t mas n o ted  in  II. o o r i f  e r a .  These upw ardly grow -
in g  r o o ts  a re  th o u g h t to  have a s im i la r  s i g n i f i c a n c e  to  
th o s e  of M ,ga le  which a re  c o n s id e r e d  to  a id  v e n t i l a t i o n  o f  
th e  nodu le  w h ich  Is  o th e r w ise  covered  in  a la y e r  o f  co rk  
t i s s u e .  Since th ere  h as  been no o p p o r tu n ity  to  examine 
f i e l d  m a te r ia l  o f  M .o e r ife ra  n o d u le s . I t  i s  im p o ss ib le  to  
know w h e th e r , a s  I s  the  ca se  In  M .g a le , t h i s  upward growth  
o f th e  n o d u le -ro o ta  a l s o  o c c u rs  in  n a tu re  * A rsb e rg e r  
(1910) w h ile  s tu d y in g  f i e l d  m a te r ia l  n o te d  th a t  a  p e c u l i a r i t y  
o f  M .0 0  :ei f e  ra  n odul as was t h a t   ^to h e ir  t i p s  grow o u t in to  a 
narrow th r e a d - l ik e  s t r u c tu r e  o f te n  a t t a i n i n g  1 ,5 -3  cm, in  
le n g th .  T h is  a g a in  sends ou t l a t e r a l  b ra n c h e s  w hich may 
bo found en tw ined  among th e  r o o t s  and g ra s s  b la d e s ."  . How­
e v e r ,  no d e f i n i t e  m ention can  be found a s  to  t h e i r  o r i e n t a ­
t io n  :Ui th e  f i e l d .  The nodu le  ro o ts  b e a r  a t  t h e i r  t i p s  
norm al r o o t  I m lr s ,  w hereas th e  ro o t h a i r s  o f  th e  maim ro o ts  
In  th e  reg io n  o f module fo rm atio n  were alw ays found to  be 
d i s t o r t e d  a s  in  M^ g^al e  ( F le tc h e r ,  1 9 6 6 ), Drawings and 
pliotogx^aphs I l l u s t r a t i n g  th e se  nodule f e a t u r e s  in  M .c e r ife ra  
a re  shown in  P la te s  11 and 1 2 ,
Plate 11.
Hoot B y o t m i a  o f  f i r s t  year x^yrlca o e r lfe r a  p la n ts  
showing sparse nodu lation  and the upwardly growing 
nodule r o o ts .  (X 1 /2 )
Plate 12.
(»<o)
n e g io n  01 d i s t o r t e d  
r o o t  h a i r s .
Top r i g h t : -  P a r t  o f  a r o o t  system  of  î«iyrica c e r i f e r a  
showing l a t e r a l  r o o t s  a r i s i n g  on the upw\y.rdly growing  
nodule  r o o t s .
Drawings shpw fo rm a t io n  and branching  o f  the nodu le  r o o t s .
The gi*owth o f the modules in  o u i tu re s o lu t io n  v/as
hov^ever very s lo w , and although by the autuxm the modulated
p la n ts  showed a s u p e r io r i t y  over the mom-modula ted  o n e s ,
th is  was mot con sid ered  great enough to  provide com cluslvo
evidence o f  f ix a t io n  by growth measureBients a lo n e . A t e s t
w ith  is o to p ic  n itr o g e n , was th erefo re  c a r r i e d  o u t .
Two f i r s t  y e a r p la n ts , one w ith  and the other w ithout
n o c lu les , were exposed  in  September 1957 to  an atm osphere
IB.co n ta in in g  ex cess  f r e e  ' M. The root system  of each p lan t  
was se a le d  in to  a s p e c ia l  b o t t le  oontainixig cu ltu r e  so lu t io n  
and a 30 m l, gas space which was th en  ch arg ed  w ith the i s o -  
to p ic  gas m ixture as w i l l  be d escrib ed  in  Experim ental 
Methods., S ectio n  XI fo r  "a tta c h e d "  nodule a* By t h is  pro­
cedure the m o t system s were exposed to  a gas m ixture
i n i t i a l l y  c o n s is t in g  o f  20^ oxygen, 15^ n i t r o g e n  w ith  36
IB.atom per c e n t . M, and 6B/t argon., The p la n ts  were l e f t  
s e a le d  in  t h i s  imnmer fo r  5-|^  days under the p r e v a ilin g  
greenhouse c o n d i t io n s ,  Ho sign a  o f d o te r lo r a t io n  in  th e  
p la n ts  were observed as a r e s u lt  o f  th is  e n c lo su re . The 
p la n ts  wore then subm itted to E je ld ah l a n a ly s i s , the r e -  
s u it in g  d i s t i l l a t e s  bein g  evaporated down to  sm all volume 
and subsequently  a ssay ed  fo r   ^ N In a Mass Spectrom eter,
The In e ro a a e  in  c o n te n t ,  a s  atom p e r  c e n t ,  o f t o t a l  
n i t r o g e n  o v e r th e  norm al v a lu e  I s  g iven  i n  T ab le  9 f o r  eaCli
4 5 ,
1 6
p l a n t ,  A l%i M c o a to n t  1© shoirm
by the modulated plant. There le no elgnlf leant Inormaee*
16
WweveTi, Im th e  H e o n te a t  o f  th e  p im it  w lthom t' a o d a lee#  
a la e e  'the ap p a ren t Im oreaee f a l l #  m hert o f  th e  - e lg n l f le a n t  
é if fe re m e e  r e p a i r e d ,  nam ely 0*008,
The d a ta  p r e s e n te d  e l e a r ly  ehew th a t  th e  f l z a t l o a  o f  
f r e e  n i t r o g e n  wa© a a e o e la te d  w ith  th e  r o o t  oyetem  o f  th e  
aod ia la ted  p lam t W t  n o t  w ith  t h a t  o f  th e  nonm nodalated  
p la n t ,  By analogy with prevloam work om non^legwxie ^yeteme» 
i t  m il  h e  ûQ ûum û  th a t  th e s e  modmlee o f  M, o e r l f e r a  p a s s é e s  
poorer a o f  n i t r o g e n  f lx a t l e m ,  Thme th e  n&ti%ral p io n e e r  laig 
o f  BBMÛJ #her#B by M, o e r l f e r # %8 I n  k e e p in g  w ith  th e  
poseesë^lom o f  n itr o g e n  f ix lm g  m ednlee by m eaae o f  w hloh  th e  
f e r t i l i t y  o f  th e  sand i s  g r a d u a lly  r a is e d  and made more 
e m lta b le  f o r  th e  grow th  o f  o th e r  p la m te .
H arv es t smû I so  to p ic  D ata fo r  % r ic a  c e rife ra * .
Type o f  P la n t
M odulated 
N on-m odalatod
VhfikW,—*M:*4*k*wAwwf*
Dry vm tght 
)
34.7  
S I , 5
l i t r o g e n  c o n te n t
. )
0.678
0.188
Atom % 
exceas
€ IB.
0 .573
0.007
P la n te  had g ro m  f o r  5 months in  n it ro g e n  «-free 
m l  ta r e  s o lu t io n  b e fo re  expo an re  o f  t h e i r  ro o t  system s
16,to  ex cess  f r e e  f o r  3 |j days
4 6 .
STUDIES ON CBAIO'ffiUS. 
In t ro  cm e t Ion
T h is  s u b s t a n t i a l  genua oom p risin g  some 40 sp o o ias  i s  
th e  o n ly  genus o f  th e  fa m ily  Fdimmiaeeae to  b e a r  r o o t  n o d u les  « 
llie genus i s  n a t iv e  cmly to  N orth  Am erica though i t  has 
been In tro d u c e d  in to  o th e r  c o u n tr ie s  f o r  ornam ental plant## 
in g  in  g ard en s and s h ru b b e r ie s .  In  such  s i tu a t io n s ^  in  
B r i t a in  Êit l e a s t ,  i t  does n o t form  n o d u le s , th e  nodu le  
o rgan ism  presum ably  b e in g  a b se n t from th e s e  s o i l s .
Ceanotliua s p e c ie s  a re  o f te n  prom inen t members o f  th e  n a t iv e  
f l o r a  o f N orth  America p a r t i c u l a r l y  in  re g io n s  In  w hich 
f o r e s t s  have been f e l l e d  o r burned* There tiiey grow rapid## 
ly  and form  d ense  th ic k e ts *  Van D o rsa l (1958) g iv e s  d i s ­
t r i b u t i o n  im ps f o r  58 s p e c ie s  o f  Oeanothua in  th e  U n ited  
S ta te s  and i t  i s  c le a r  th a t  th e  genus h as  a  v ery  w ide d i s ­
t r i b u t i o n .  Some o f the b e a t  known s p e c ie s  a r e  G .m aerlcanus 
( J e r a e y - t e a ) , G* v e lu tlx m s (Snowbrusli) > C *Integorrlm us  
(Deerbruah) and C, ova tu a (Hedroo t )*
A tte n tio n  was f i r s t  drawn to  n odu les  on th e  r o o ts  o f 
Ceanothus when B ea l (1890) e x h ib ite d  "tubercles*^ on the  
ro o ts  o f 0 .am eric a m s  to th e  American A ss o c ia tio n  fo r  th e  
Advancement o f  S c ie n c e , Bottom ley (1915) claim ied th e  i s o ­
l a t io n  o f  B a c i l lu s  r a d i c i c o la  from Geanothus n o d u le s , and
4 7 ,
from l im i t e d  ex p erim en ts  t h i s  organism  was re p u te d  to  
a s s im i la  to  em a il amounts o f  a tm osp iierio  n i t r o g e n .  S ince 
he made no a tte m p t to  re  In o c u la te  p la n ts  w ith  th i s  organism  
and th u s  prove I t s  I d e n t i ty  w ith  th e  en d o p h y te , l i t t l e  
a t t e n t i o n  can be p a id  to t h i s  c la im .
W ahlenberg (1930) r e f e r r e d  to  th e  r a p id  r e g e n e r a tio n  
o f  C e a n o tta a , e s p e c ia l l y  G .v e lu tim is , a f t e r  f o r e s t  f i r e s ,  and 
p o in te d  out th a t  th e  n o d u lo s . I f  they  were n 1 tr o  g e n - f ix in g , 
m ight p lay  a  v a lu a b le  p a r t  in  r e s to r in g  f e r t i l i t y  a f t e r  the  
lo s s  o f  e o i l  n i t ro g e n  by f i r e . Quick (1944), rev iew in g  work 
on p la n t  su c c e s s io n  In  th e  Sugar F ine F o re s ts  o f  C a l i f o r n ia ,  
d is c u s s e d  the im portance  o f  O .c o rd u la tu s  a s  a  p io n e e r  in  
such a re a s  and th e  p o s s i b i l i t y  o f n i t ro g e n  f ix a t io n  by th e  
n o d u le s . I t  i s  t e n t a t i v e ly  su g g ested  t h a t  the  g en u a , b e ­
cau se  of i t s  vdLdespread abundance, may a s s i s t  s o i l  f e r t i l i t y  
and be an im p o rta n t f a c t o r  in  th e  developm ent o f  h ig h  q u a l i ty  
s i t e s  fo r  th e grow th o f tim b e r , The d a ta  p re s e n te d  on the  
grow th o f  s e e d lin g s  in  p o t c u l tu r e  appeared  to  in d ic a te  such  
a s o i l  im p rovin g  e f f e c t  f o r  Cean^tlm ^ a lth o u g h  no d e f i n i t e
c o n c lu s io n s  a s  to  n i t r o g e n  f ix a t io n  w ere a c tu a l ly  draw n. 
Bond ( 1957a) r a is e d  two s e e d lin g s  o f  O eanothus
asurm ia and sec u r ed  n o d u la t io n  by th e  a p p l ic a t io n  o f  a  
c ru sh ed -n o d u le  imoou lum p re p a re d  from the ooiribined n o d u la r  
m a te r ia l  o f  C*v e lu t l im a  and 0 . in te g e rr lm u s  s e n t  by a i r -  
m a il from  C a l i f o r n ia .  These two p la n ts  showed c l e a r  a b i l i t y
48.
to  grow in  w ater c u l tu r e  f r e e  o f com bined n i t r o g e n .  By 
exposure  o f th e  r o o t  system  o f  one o f th e se  p la n ts  to  
ex cess  f r e e  q u ite  c l e a r  ev idence  o f th e o ccu rren ce  o f 
f ix a t io n  in  th e  ro o t system , and by an a lo g y  w ith  o th e r  
g e n e ra , l a  th e  n o d u les  In  p a r t i c u l a r ,  vms ob ta ined*  P la te  X5 
shows one o f  th e s e  p la n t s .  So f a r  a s  i s  Imovm th e se  d a ta  
p ro v id e  th e  on ly  p u b lish e d  ev idence o f  f i x a t io n  in  Oeanothus
|*4^  “  ^ wwiiP .iBafcrtwa tf  ■
n o d u le s .
R e c e n tly , how ever, a c c e s s  has been o b ta in e d  to  an 
u n p u b lish e d  t h e s i s  p re se n te d  a t  th e  M ichigan S ta te  U n iv e r s i ty  
o f  A g r ic u ltu r e  & A pplied  S c ie n c e s , by P etxy  (1985) in  w hich 
th e r e  i s  a  v a lu a b le  stu d y  o f Geanothua w ith  s p e c ia l  re fe re n c e  
to  n odu le  fo r m a tio n . P etry  se c u re d  n o d u le  fo r m a tio n  i n  
C.am erioanua by g e rm in a tin g  seed  in  h a b i t a t  s o i l  and then 
compared th e  grow th  o f  n o d u la te d  and n o n -n o d u la te d  p la n ts  
in  th e  gt^eenhouse in  a  sandy s o i l  f a i r l y  low in  n itro g e n  
and a l s o  in  a  f e r t i l e  greenhouse com post* The d a ta  shown 
in  T able lo  were o b ta in e d  a f t e r  e ig h t  months* growth* The 
Improvement o f  grow th a t te n d in g  the p re sen ce  o f n o d u les  i s  
c l e a r ly  m arked p a r t i c u l a r l y  in  the  sandy s o i l .  S ince  t h i s  
s o i l  was by no means f r e e  o f combined n i t r o g e n ,  R e try  f e l t  
u n a b le  to r e a c h  a f irm  co n c lu s io n  t h a t  n0du3.es were n i t r o g e n -  
f ix in g  and r e fe r r e d  to  an a l t e r n a t i v e  p o s s i b i l i t y  t h a t  th e  
p resen ce  o f th e  n o d u les  m igh t in  some unknown way have 
a t im u la te d  the  r o o ts  to  a b so rb  more combined n i t r o g e n  from
£ la .tg ..l2
(x z f s )
G
Nodulated p la n t and ro o t ayetem of Geanothua 
azureuB grown in  n itr o g e n -fr e e  cu ltu re  so lu t io n  
by Bond in  1955.
49*
th e  s o i l .  R etry  a l s o  showed t h a t  th e re  was a  c o r r e la t io n  
betw een  vigaxc o f th e  p la n ts  in  th e  f i e l d  and th e  number of 
no d u les  borne and th a t  th e  rem oval o f  nodu le  a le d  to a 
lo a s  o f  v igour*
In  view o f tlw p o s s ib le  im portance o f  Ceanothue 
e c o lo g ic a l ly  and in  c o n n e c t io n  w ith  f o r e s t r y  the  p r e s e n t  
a u th o r  p lan n ed  a s e r i e s  o f ex p erim en ts  f o r  th e  f u r th e r  s tudy  
o f  th e  developm ent and f u n c t io n  o f  th e s e  n o d u le s . The 
ex p erim en ts  o f Bond (1957b) in  Glasgow d e s c r ib e d  above, 
su g g e s te d  th a t  no p a r t ic u la r  d i f f i c u l t y  a tten d ed , the  c u ltiv a ^  
t io n  o f  n o d u la ted  Gaanotlms p la n ta  in  w ater a p a r t  from  
b rea k in g  th e  s t ro n g  dormancy o f  th e  seed* In fo rm a tio n  on 
t h i s  l a s t  a s p e c t  was su b se q u e n tly  ob ta in ed *
T able 10,
OompariaoB o f  grow th  o f  m odulated and n o n -  
n o d u la te d  p la n t s  o f Geanothua am erloanua in  
two B o lla  (from  R e try , 1925).
Non-Bodulataci P la n ts Modulated Plants
S o il
Type
Mean a i r -  
dry weight 
: pe%* plant 
^ (mgm. )
le a n  S 
c o n te n t 
per p la n t  
(mgm* )
Mean a i r -  
d iy  we ig h t  
p e r  p la n t  
(mgm* )
' «.MWWWW «**# *W( «%* , #&** T ** *|W#k-»WT«<
Mean N 
c o n te n t 
p e r  p la n t  
(mgm. )
Bandy ,  
low H 70 e 430
Greenhouse
compost
MO 9 840 17
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Methods and R e s u l ts .
Aa a lr e a d y  im p lie d . Bond In  h i s  1955 ex p erim en ts  
o b ta in e d  poor g e rm in a tio n  o f  Geanothua seed* On c l o s e r  
s tu d y  o f  the l i t e r a t u r e  r e l a t i n g  to  t h i s  g en u s , how ever, 
i t  became c le a r  th a t  th e  seed  i s  a p t  to  e x h ib i t  p e r s i s t e n t  
dormancy u n le s s  d r a s t i c a l l y  t r e a te d .  P etry  (1985) broke 
t h i s  dormancy e i t h e r  by tre a tm e n t w ith  c o n c e n tra te d  s u l ­
p h u ric  a c id  o r  hand a c a lc if ic a t io n  w ith  a and p a p e r . Van 
D ersa l (1938) by h e a t  t r e a tm e n t ,  and Q uick (1944) by c o ld  
trea tm en t fo llo w e d  by h e a t .  I t  i s  o f  I n t e r e s t  in  t h i s  con­
n e c t io n  t h a t  the  r a p id  appearance o f Geanothua s e e d lin g s  
a f t e r  f o r e s t  f i r e s  i s  th o u g h t to  be p a r t ly  due to  th e  b re a k ­
in g  o f  th e  seed  dormancy by th e  h e a t o f  th e  f i r© .
The p re s e n t  a u th o r  ach iev ed  s a t i s f a c t o r y  g e rm in a tio n  
ra n g in g  u p  to  70j w ith  s e v e r a l  s p e c ie s  o f  C eanotM a. The 
seed s were e i t h e r  s c a r i f i e d  w ith  sand  p a p e r  o r Im aersed  in  
w a te r , h e a te d  to  80^0 and l e f t  th u s  f o r  f iv e  m in u te s . As 
th e  q u a n t i ty  o f seed  o f any one sp e c ie  a was l im i t e d ,  com­
p a r is o n s  o f  t r e a te d  o r  u n t r e a te d  seed  were n o t  a tte m p te d . 
However, where p o s s ib le  d i f f e r e n t  tr e a tm e n ts  were compared 
f o r  a  p a r t i c u l a r  s p e c ie s ,  and i t  would seem t h a t  d i f f e r e n t  
s p e c ie s  r e q u ir e  s p e c i f i c  tre a tm e n ts*  On sc a x * if ic a tio n  w ith  
sand p a p e r  C .fo llo s u s  gave 40/C g e m in a t io n  a lth o u g h  no g e r ­
m in a tio n  was o b ta in e d  when h e a t  tre a tm e n t was a p p l ie d .
51*
Some ape ci©B gava no g e rm in a tio n  d e s p i te  d i f f e r i n g  p ro -  
tre a tm e n ts  I p ro b ab ly  th e  seed  was n o ii-v iab la*
In  1956, 50 young p la n ts  o f  G * r i g  I d a s , G .r lg ld u a  ¥ a r .  
a l b u s , and 0 . " Topaz" , r a is e d  from  seed o b ta in e d  from  th e  Royal 
B o tan ic  G arden, E d inburgh , were a©t up In th e  u su a l manner 
in  w a te r  c u l tu r e  a t  pH 5 o r  6 and g iven  low le v e l s  o f  com­
b in ed  n itr o g e n  pending  th e  a r r i v a l  o f  th e  n o d u le s  fo r  
in o c u la tio n *  Growth o f  the p la n ts  was s a t i s f a c t o r y  and 
very  long  w h ite  ro o ts  were formed*
Modules from  0* In te g a rr ln m s , were re c e iv e d  e a r ly  in  
June by a ir - m a l l  from  Dr* l.W* Wageiiar, o f  the C a l i f o r n ia  
F o re s t  & Range E xperim ent S ta t io n ,  U .8 , D epartm ent o f  A g ri­
c u l tu r e .  Owing to th e  la te n e s s  o f  the  s p r in g  thaw , how ever, 
th e  n o d u le s  had proved  d i f f i c u l t  to  o b ta in  and on ly  a sm all 
q u a n t i ty  was sen t*  An Inoculum  was p re p a re d  by g r in d in g  
0*,3 gm« n o d u le s  w ith  3 m l. w ater and a p p l ie d  to  th e  r o o ts  
in  th e  u s u a l  way. No no d u les  r e s u l te d  from  t h i s  in o c u la -  
t i o n ,  a lth o u g h  the p la n ts  rem ained r e a so n a b ly  h e a l th y  (eon- 
a ld e r  Ing th e y  were in  n i t r o g e n  f re e  s o lu t io n )  and were k e p t 
u n d er o b se rv a tio n  f o r  a p e r io d  o f fo u r  m onths a f t e r  in o c u la t io n .
S ince th e  tre a tm e n t o f  th e s e  p la n ts  d i f f e r e d  In no 
m a te r ia l  way from  Bond * s t e s t s  o f  th e  p re v io u s  y e a r ,  t h i s  
f a i l u r e  to  o b ta in  m o d u la tio n  was r a th e r  s u r p r i s in g .  Ad­
m it te d ly  th e  p la n ts  grown d id  n o t In c lu d e  Bond’ s sp e c ie s
6:
(C .h zu reu s) s in c e  seed  was u n p ro c u ra b le , w h ile  the n odu les 
u sed  f o r  In o c u la t io n  were from C. Intege% 'rIm is r a th e r  th an  
from th a t  ancG ies and. O .v e lu tin u B , b u t a t  th e  tim e th e s e  
d if fe ra B c e s  w ere n o t th o u g h t im p o rta n t. The f a i l u r e  o f  
m o d u la tio n  was th u s  a s c r ib e d  to  th e  am all q u a n t i ty  o f  
inocu lum a v a i la b le  *
Aa, in  th e  sp r in g  o f  1957 an o f f e r  o f  m odules was r e ­
ce iv e d  from  hie D ire c to r  o f the  F o re s t  & Range Experim ent 
S ta t io n  in  P o r t la n d , Oregon where la r g e  q u a n t i t i e s  o f e a s i l y  
a c c e s s ib le  m a te r ia l  were a v a i l a b l e ,  f u r th e r  sowings o f  seed  
were made and 150 s e e d lir tg a a e t up im w a te r  c u l tu r e .  Some 
BOO seeds o f  C .azu raus were o b ta in e d  from  Thompson & Morgan, 
Ip sw ich , b u t d e s p i te  v a r io u s  p re - t r e a tm e n ts  none g e rm in a ted . 
Tlie s e e d lin g s  u sed  were c h ie f ly  o f  £,jbhyr e i . f lo ru8_ and 
C .fo lio s tja  w ith  sm a lle r  manbers o f  D .rig id u a  and Cj^arW yi*  
Three generous sam ples o f n o d u les  v^ere re c e iv e d  by 
a i r« m a il  from Roseburg n ea r  Oregon a t  th e  b eg in n in g  o f  May, 
June and J u ly  r e s p e c t i v e ly ,  ax»riving 0 d ays a f t e r  c o l le c t io n  
a p p a re n t ly  in  good c o n d itio n ,. Some v e ry  la rg e  nodu le  
c l u s t e r s  w ere in c lu d e d  a s  shown in  P la te  14 , The f i r s t  
two nodu le  consignm ents were o f C,v e lu tim ^ s , v a r  l a e v ig a tu s .  
W hile th e  t h i r d  c o n ta in e d  in  a d d i t io n  n o d u les  o f  G .in te -  
g e rr lm u s . On r e c e ip t  o f  each  b a tch  o f  n odu le  m a te r ia l ,  
in o c u la  were im m ediately  p re p a re d  by g rin d in g  10 gm. n o d u le s  
In 100 m l, w a te r  and a p p lie d  to  th e  ro o ts  in  the u s u a l  way.
Plate 14.
L arge n o d u le  o lu s t e r  o f  Ceanothus v e lu t ln u s * 
v a r . la e v ig a t u s  c o l l e c t e d  from -t^oseburg, Oregon#
(X S / ô )
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D esp ite  th e se  re p e a te d  I n o c u la t io n s  no a l g n i f l e a n t  n o d u la ­
t io n  was o b ta in e d . Only in  September 1957, 9 weeks a f t e r  
th e  f i n a l  in o c u la t io n , d id  one to  two n o d u les  a p p e a r  on th e  
ro o ts  o f  each  o f  th r e e  p l a n t s . Aa In  th e  p re v io u s  y e a r ;  
th e  p l€ in ts rem ained i n  h e a lth y  c o n c litio n , a p a r t  from th e  
ex p ec ted  symptoms o f  n itro g e n  d e f ic ie n c y  d u rin g  the summer.
5 4 ,
Dis eus a io n .
Th© a s ta b l is lm o ïi t  o f  a sym biosis  u n d e r  a r t i f i c i a l  
c o n d it io n s  i s  l i a b l e  to  p ro v e  d if f ic u 3 .t  a t  any tim e when 
l i t t l e  p re v io u s  in fo rm a tio n  i s  a v a i l a b l e , b u t  i t  i s  e s ­
p e c i a l l y  so when th e  i s  th e  added c o m p lic a tio n  o f  o b ta in ­
ing  andophyte m a te r ia l  from  ab ro ad ,
M odulation  v/aS; h o w e v e r a c h ie v e d  by Bond in  1965 (see  
above) and in  l i g h t  o f  th i s  much th o u g h t was g iv en  to  th e  
e x p e rim e n ta l p ro ced u re  w hich in  t h i s  cas© has proved un ­
s u c c e s s f u l ,  The on ly  obv ious s u b s t a n t i a l  d i f f e r e n c e  v/as 
tl 'ia t th e  Coanothus s p e c ie s  grown d id  n o t in c lu d e  t h a t  in  
w hich n o d u la tio n  had p re c io u s ly  been  e s ta b l i s h e d  and a lth o u g h  
a mixed inoculum  from C .v e lu t ln u s  and 0 , in ta g e rr lm u s  was used  
in  th e  f i n a l  in o c a 3 .a tlo a ; p re v io u s  m a te r ia l  was from 
0 .v a lu t in u s  a lo n e .  I t  i s  p o s s ib le  t h a t  in  t h i s  la rg e  genus 
(a s  in  th e  Leguminosa©) th e re  i s  a  s p e c ie s  s p e c i f i c i t y ,  in  
t h a t  n o t a l l  sp e c ie a  a re  c r o s s - in o c u la b le , th e  few n o d u lea  
w hich were o b ta in e d  in  th e  p re s e n t  a u th o r ’ a ex p e rim en ts  
b e in g  due t o  th e  p re se n c e  of th e  c o r r e c t  endophyte - in  th e  
s o i l  a d h e rin g  to  inoculum  m a te r ia l*  how ever, t h i s  a s p e c t  
would be d i f f i c u l t  to  I n v e s t ig a te  u n le s s  e a s i e r  a c c e s s  to  
seed  and n o d u le s  o f a range  o f  s p e c ie s  v/as a v a i l a b l e .
A ttem pts to  s e c u re  nodu lea  o f  th e  s p e c ie s  o f  seed  a v a i la b le  
wore made, b u t  p roved  u n su c c e ss fu l,,
A second p o a s i b i l i t y  i s  th a t  in f e c t io n  from cn iahecl- 
nodu le  in o c u la  i s  u n r e l i a b le  in  Ceanothus and th a t  Bond 
happened to  be f o r t u n a t e . T h i s , i t  may be n o te d , seems 
to  be  tru e  in  C o r la r la  a c c o r d in g  to  Glasgow e x p e r ie n c e  and 
th a t  o f  two o th e r  I n v e a t Ig a to r s  (Bond, p e rs o n a l  coim m inioation) * 
I t  a p p e a rs  th a t  th e  o rgan ism  in  tïm  n o d u lea  o f  th i s  genus 
i s  n o t  c a p a b le  o f  f u r t h e r  in f e c t io n  and in f e c t io n  can only  
o cc u r  by means o f c e l l s  o f  th e  endophyte e x i s t in g  in  th e  
s o il*
5 6 .
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1 , M odulation  o f  P la n t ,
8uoc e a a fh l  m ethods of o b ta in in g  modulo fo rm a tio n  on 
th e  ro o ts  o f  ShophoM ia c a n a d e n s is , M u tt . , E laeagnus a n m m tl-  
foXlg. and lÆyriea^ cor l f e r a  L , , grow ing in  n i t r o g o n - f r e e  
o u l'tu re  eo l u t  io n  have been fo u n d . A ttem pts to  o b ta in  
n o d u la t io n  im v a r io u s  ap eo lea  o f  Oeanothus have eo f a r  proved 
u n s u c c e s s fu l . An Improved m ethod o f c u l tu r in g  n o d u la te d  
p la n ts  o f  M yrica .g a le  L , has been d ev e lo p ed ,
The e f f e c t  o f  v a r i a t io n  o f  the pH o f  th e  c u l tu r e  
s o lu t io n  on nodu le  fo rm a tio n  in  Shepherd l a  and E la e ^ ^ u s  
has been s tu d ie d  and r e s u l t s  very  s im i la r  to  th o se  o b ta in e d  
ill p re v io u s  I n v e s t ig a t io n s  In t h i s  D epartm ent f o r  Hippophaë 
a re  r e p o r te d .
The p re se n c e  o f combined n i tm g e n  in  th e  c u l tu r e  
medium a ls o  produced an e f f e c t  on th e  n o d u la tio n  o f  S hepherd la  
s im i la r  to th a t  on H ippophaë, The a d d i t io n  o f  sm all amounts - 
5 mgm, n itro g e n  p e r  l i t r e  o f  c u l tu r e  s o l t i t lo n  -  in h ib i te d  th e  
fo rm a tio n  o f  n o d u le s .
2 .  F ix a t io n  of A te o s p te r ie  N itro g e n .
By means o f  lo n g -te rm  grov/th © xporim ents i t  h a s  been 
d em o n stra ted  th a t  th e  ro o t no d u les  o f B hepherd ia  and E laeagnus 
a re  capab le  o f  f ix in g  a tm o sp h eric  n i t ro g e n . These f in d in g s
67.
to g e th e r  w ith  th e  p re v io u s  work on Higj^ophaë complet© th e  
re c o rd  o f  n itr o g e n  f i x a t io n  f o r  the Jillaeagim ceae.
Â a b o rt term  is o  to p ic  experim en t em p loy in g  baa  
ahomi t h a t  n it ro g e n  f i x a t i o n  la  a a a o o ia te d  w ith  the n o d a le s  
o f  M yriea c e r i f a r a .
3* E c o lo g ic a l  S ig n if io a n o e .
I t  b aa  been  p o in te d  o u t th a t  th e s e  non -legum inous 
nodu le  p la n t s  a r e  w id e ly  d i s t r i b u t e d  a t  th e  p re s e n t  tim e , 
o c c u rr in g  ty p i c a l l y  i n  poor s o i l s  such aa sandy s h o re s ,  
r e c e n t ly  d e g la c ia te d  a re a s  o r  la n d  d e v a s ta te d  by f i r e .
By til© p o s se ss io n  of s p e c i a l  f a c i l i t i e s  f o r  u t i l i s i n g  atooS ' 
p b e r ic  n it ro g e n  th e se  p la n ts  would be a b le  to  e n r ic h  th e se  
s o i l s  and th u s  a llow  them to  be c o lo n is e d  by o th e r  p la n t s .  
F o s s i l  p o l le n  e v id e n c e  in d ic a t e a t h a t  S h ep h erd ia  and 
Ela ea g n u s  o c c u rre d  in  p o s t - g l a c i a l  tim es and i t  h as  been 
su g g e s te d  t h a t  th e s e  non-legum e p la n ts  may a ls o  have been  
Im portant b io g e o ch am ica lly  i n  th e  p a s t .
SECTION II
BIOCHEMIGM, STUDIES
CJaa~z K3 WBBJiggraa iPTtyaw ^ jafay,-arsa>-j
SECTION H
Page
feiSM sofclpa. . . .  . . .  58
Methods
r/n
P la n t  M a te r ia l  u sed  * * * * *., 72
Bxposura o f  loduX os to  ax o ass  f r e e  73
E x tr a c t io n  o f  Modules « * • , *.
P aper Chrom atographic A n a lja la  o f  n o d u le  
e x t r a c t s .  ^  * .* , .*
F ra c tlo m a tlo n  o f  Components o f  A lm a
SlâlÈ lB Slâ e x t r a c ta  "ITIT 80
D ogm d& ion  o f  O ltru l l lm e  *** 85
F r a c t io n a t io n  o f  ^ x :tra o ta  86
P re p a ra tio n  o f  aampIeaT f o r  " îao to p ic  â n a X js ia  89
fie s u i t  a
N itrogonoua G o n e tlta e n ta  o f A ld e r module 
e x t r a c t s  * . % #
B ia t r ih u t io n  o f  f ix e d  in
g lx i t in o f^  n o d u lea  * *. * * * • 96
N ltro g iS o u a ^ C o n s titu e n t a o f  l&EifiSu,Æ l£
a%&& o th e r  mon*#ieguBie n o d u le^x E rao ta  99
D is t r ib u t io n  of f ix e d  3.5g 1%% &%&#& nod u lea  102
IliacuB-aion
The h i t ro g m o u a  O o n a tltu en ta  o f  th e  n o d u le s  104
The Pathway o f l i t r o g a n  F ix a t io n  i a  Ainu a
SM Sâl2SE * * •  ^* 109
Ihe^FaSEway o f N itro g e n  F ix a t io n  i n  % r lo a
*  »  *  ■•■ •* * 116
S S M S .„C -§ S fiS -l2 a  J I  . . .  . . .  184
58
EÎTROIÎJO'JÎIOH.
W ith in  th e  l a s t  tw en ty  y e a rs  many h lo e h em ic a l p ro ­
blems h i t h e r t o  v i r t u a l l y  In s o lu b le  have been @lu e Id a te d  
by th e  u se  o f ie o to p la  t r a c e r  m ethods to g e th e r  w ith  th e  
a p p l lo a t lo n  o f  th e  more r e c e n t ly  developed  dhrom atographlo  
te c h n iq u e 8 g Our knowledge o f m itro g an  m etabolism  In
p a r t i c u l a r  b o th  In  p la n ts  and an im als  h a s  advanced g r e a t ly  
s in c e  th e  s t a b l e  is o to p e  o f  n itro g e n ^  became g e n e ra l ly
a v a i la b le  and the  te o lm iq u as  o f  s e p a r a t in g  homologous amino 
a c id e  e s ta b l i s h e d .  R ecent b io ch em ica l s tu d io s  on the  p a th ­
way o f  b io lo g ic a l  n i t ro g e n  f ix a t io n  have In v o lv ed  b o th  th e s e  
p ro cesses*
A rev iew  o f th e  ch em ica l moohanlem o f n itro g e n  f i x a ­
t io n  by W ilson (1940) re v e a le d  two main th e o r ie s  a s  to  th e  
n a tu re  of th e  key in te im e d ia te  between m o le c u la r  n i t ro g e n  
and th e  f i r s t  o rg an ic  n i t ro g e n  compound a s s  t o i  l a  ted* Those 
were th e  c l a s s i c a l  "ammonia" th e o ry  and th e  more r e c e n t  
"hydroxylam lne" theo  ry  *
By analogy  w ith  th e  a r t i f i c i a l  Indus t r i a l  f i x a t i o n  
o f  m to o  s p h e r ic  m itm g e n  and th e  n i t ro g e n  m etabo lism  o f  
o rd in a ry  p la n t s   ^ many w orkers suggested^  w ith o u t any e x p e r i ­
m en ta l b a s i s  # th a t  ammonia was an to te rm ed ia t©  in  b io lo g ic a l  
n i t ro g e n  f i x a t i o n .  iCos'kytschew & R y sk a lto o W k .. (1925) 
showed t h a t  o f  the n i t ro g e n  e x c re te d  by a  young culture©
59#
o f ABotobacter con sisted  o f  ammonia# the remainder being  
amino n itrogen# This exoretod  n itro g en  was taken a s  
ro g reso n tin g  In term ed iates o f  f ix a t io n  ra th er  than dooom»
•nofisiitifisi larA dm etm « ^  And.. tjrmsa, issl. ainmnn ithe rrrs'c prodmot or rrx a tlo n  fo llo im d  %r the amino aozds# ' : 
the f i r s t  prodmot o f  f ix a tio n  folloim d by the amino aoids#
fh ie  work was c r it ie ia a d  on the grounds th at the cu ltu res
may a o t have been pure and th at the oompoimdo excreted
need n et have been in i t ia l  in  formation# Winogradsky
(1936) claimed that ammonia was a lso  the key interm ediate
in  eym biotio f ix a tio n  by legume nodules but h ie  claim  was
not upheld by any r e lia b le  experim ental evldenoe.
The more popular hydroxylamlne theory had been pro-
posed by Blom (1@§1) on purely laypothetloal grounda. Eow^
ever8 the fin d in g  %hat aepartio acid  was the I n it ia l  pro*»
duet excreted  by young legume nodules le d  Virtanen & Laine
(19S9) to propose the fo llow in g  meohaniem '^"'
N 2 --------> hydroxylam ine oximo"#
 > Buoeinio ------ > asp artic  aeid
-+• ac id
oxalaoetio
acid
The subsequent fin d in g  o f oxm laoetio aeid  in  legume p lan ts  
together w ith  th e d etection  o f traeee o f the oxime in  ex>"^  
oreted products was regarded me further proof th a t hydrosyl* 
amine was the key interm ediate o f fixa tion #  A sim ilar  
exoretion  o f oxime Wd been reported e a r lie r  by kndres
60,
(1954) from  Aaototoacfcer where I t  te d  hean  r s g a ra s d  a s  a  b y - 
p ro d u c t o f  m e ta b o ll cm. V lrtan o n  (1939) r e je c te d  th e
ammonia h y p o th e s is  on th e  grounds t h a t  on ly  once had a t r a c e  
o f  g lu tam ic  a c id  been found e x c re te d  and  in  c o n t r a s t  to
hydr assy la m in e , ammonia r e a c t s  e q u a lly  w e ll  w ith  o x a la o e t lc
a c id  and o c - lc e to g lu ta r ic  a c id .  Ileiice>. i f  ammonia i s  an
in te rm e d ia te  b o th  a s p a r t i c  and g lu tam ic  a c id s  shou ld  be
form ed and ex cre ted *  The fo rm a tio n  o f  a s p a r t i c  a c id  from
anmomla and fm m ric  a c id  was a ls o  ru le d  o u t a s  no a sp s /r ta se
had been d e te c te d  in  th e  n o d u les  (V lrtan en  & h a in e ,  1936) *
Thus in  1940 th e  in te rm e d ia te  r o l e  o f hydroxylam lne
in  n i t r o g e n  f i x a t i o n  appeared  th e  more a t t r a c t i v e  th e o ry .
L a te r#  how ever, s e v e r a l  w orkers attem ptocl to  r e p e a t  th e  work
to
o f  V lr ta n e n  on legume nodu les an d ^ in v ee tig a te*  f u r t h e r  th e  
p ro d u c ts  e x c re te d .  These w orkers f a i l e d  to o b ta in  any au b - 
a t a n t i a l  e x c re t io n  o f n i t ro g e n  from  th e  nodu lea  and i t  was 
im p o ss ib le  to  g a in  c o n firm a tio n  o f  V lr ta n e n ’ a r e s u l t s .  
V lr ta n e n ^ s  work was a ls o  c r i t i c i s e d  a s  th e re  was no ev id en ce  
th a t  th e  compounds e x c re te d  bo re  any r e l a t i o n  to th e  i n i t i a l  
compounds o f  f i x a t i o n .
In  th e  e a r ly  n in e te e n  ^ fo r t ie s  th e  W isco n sin  group 
a s s o c ia t e d  w ith  P,W, W ilson and R.h* B u r r i s , in tro d u c e d  the  
u se  o f  th e  s ta b le  is o to p e  o f  n i t ro g e n  B a s  a  t r a c e r  in  th e  
s tu d y  o f  th e  pathway o f  n i t ro g e n  f i x a t i o n ,  B u rr is  (1942) 
s tu d ie d  the  d i s t r ib u t io n  o f  f ix e d  i n  A z o to b a c te r  w hich
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had b een  s u p p lie d  w ith  e x c e s s  f r e e  f o r  s h o r t  p e r io d s .  
A lth ou gh  hampered by th e  In co m p lete  s e p a r a t io n  o f  th e  
amino a c i d s ,  B u r r is  showed tlm t th e  g r e a t e s t  p erc en ta g e  
e x c e s s  was in  the glmtmmlc and a s p a r t ic  f r a c t io n s  and  
Indeed  th a t  th e  g lu ta m ic  showed th e  g r e a te r  en r ich m en t.
T his h ig h  l e v e l  o f  3.5g g lu ta m ic  a c id  was reg a rd ed  a s  
e v id e n c e  In  fa v o u r  o f ammonia r a th e r  thmi Ii^dro%ylamlne a s  
th e  in te r m e d ia te  o f  f i x a t i o n .  ^
P iiirther d a ta  p o in t in g  te  th e  s ig n i f ic a n c e  o f  emmonla 
in  f l x a t t e n  by A so to b a c te r  was p ro v id ed  W  B u r r is  & W ilson 
(1 9 4 6 ). A c u l tu r e  greimi on m o le c u la r  n i t ro g e n  was s u p p lie d  
w ith  ammonia l a b e l l e d  w ith  3-%^ The c e l l s  im m ediately  
s to p p ed  f ix in g  n i t r o g e n  an d  u se d  th e  ammonia a s  t h e i r  ex­
c lu s iv e  so u rce  o f n i t r o g e n .  When l a b e l l e d  n i t r a t e  was
s u p p lie d , how ever, mo 3.5g found in  th e  c e l le  f o r  50
m in u te s , I n  c o n t r a s t  to  i t s  d e te c t io n  In  one m inute  w tea  3-% 
ammonia was s u p p lie d . I t  was tous concluded  th a t  c e l l s  
grown on n itr o g e n  have p refo rm ed  w ith in  them a l l  th e  enzymes 
n e c e s sa ry  fo r  th e  u t i l i s a t i o n  o f ammonia, hence when mmiomla 
i s  su p p lie d  from  an. e x te r n a l  sou rce  i t  i s  Im co rp o m ted
iB M edlately  in to  th e  c e l l s .  This a l s o  su g g es ted  t h a t  in
th e  f i x a t i o n  o f  n itro g e n  am m nla was an in te r m e d ia te .  The 
A z o to b a o te r , en th e  o th e r  hand , m ast a d a p t i t s e l f  t o  th e  
u t i l i s a t i o n  o f  n i t r a t e  *
6 2 *
M ainly i n  v iew  o f  t h i s  new i s o t o p ia  e v id e n c e  
V lrta n en  ( 1 9 4 7 ) ëAên&eé h ie  p o s tu la te d  acheme fo r  the
mechanism o f  f i x a t i o n  * The f a c t  th a t  a t  t h i s  tim e no  
enzymes mere known w hich would c a ta ly s e  th e  r e a c t io n  he tween 
l3ydroxylamlne and th e  K,- ke to d lea rh o x y  1 lo  a e id a  vjhareas 
t h a t  form ing g lu tam ic  a c id  from  «c-k e to g lu ta r i e  a c id  and 
ammonia \m s w e ll  Imowm in  p la n t  s , a l s o  In f lu e n c e d  ¥irtan© n* 
However,  th e  ia o to p ic  r e s u l t s  do n o t ex c lu d e  th e  p o s a ih i l i t y  
o f  Iiydroxylam ina a s  a  p re c u rs o r  o f  ammonia in  f ix a t io n  a n i 
th u s  V lr ta n e n  su g g e s te d  t h a t  p o s s ib ly  hydroxylam lne was 
c h i e f ly  reduced  to  am ionia and  th e  fo rm a tio n  o f  toe  oxliMB 
was a  non enzym atic s id e  r e a c t i o n ,  t h u s : -  
Ng ^  'hydrojcjla.Eiine ammonia
4‘
«6- k e to d i  car boxy l i e  ' ke todlcar bozy lie
a e id a  a c id s
oxime am inodi-carboscyllo
a c id s
( a s p a r t ic  & g lu ta m ic )
Eosenblum & W ilson  (1950) established th a t  Olostrl-pah»
ditiïîî paate'urianum  excreted Into the medium a considerable 
portion of the nitrogen fixed. As up to 50^ of the total
n itr o g e n  f i x e d  may be e x c r e te d  by this an aerob e and as 
e x c r e t io n  b e g in s  In the e a r ly  s ta g e s  of growth. I t  was th o u ^ it
t lm t  sueh e x c re te d  n itr o g e n  m ight a ria©  aa an In te r m e d ia te  
in  f i x a t io n  r a th e r  th a n  a prod uct o f  mataboXie decom position^
Z e lltc b #  Hosenblum# B u rr is  & J lla o n . (1951 a ) s u p p lie d  a c t i v e -
1Bly  f i x i n g  C lo s tr id iu m  c e l lo  w ith  f o r  a  a b o rt t im e ,
1 BF ree ammonia w ith  an extrem eX j h ig h  c o n c e n tra tio n  was
i s o la te d  from  th e  medium# Somewhat low er c o n c e n t r a t io n s ,
b u t s t i l l  e o n s id e ra 'b ly  in  e x c e ss  of th e  a v era g e  e i t h e r  o f
i n t a c t  c e l l s  o:e su p e rn a ta n t medium, were fou n d  i n  th e  amide
f r a c t io n *  These d a ta  w ith  th e  anaerobe p ro v id e  d i r e c t
su p p o rt f o r  th e  v iew  t h a t  azmionla I s  a key la te x m e d la te  In
b io lo g ic a l  n i t r o g e n  f ix a t io n *
The chrom atograp h ic s e p a r a t io n  o f  am ino a c id s
d ev e lo p ed  Iqy Moore & S te in  (1948 ) f i r s t  on s ta r c h  and l a t e r
on io n  exchange co lm m a o f f e r e d  a means o f  s tu d y in g  th e
ch e m ic a l pathway o f  n it ro g e n  f i x a t i o n  and was employed by
E e l i tc h ,  Eosenblum, B u rr is  & W ilson (1961b) to  s tu d y  the
16d i s t r i b u t i o n  o f  f ix e d  ' in  C lostrid ium *  A f t e r  exp osu re  
to  f r e e  n i t r o g e n  or ammonia © nriehod w ith  3*%  ^ the  c e l l s  
ware h y d r o ly se d  w ith  61* HCl# The am ino a c id s  o f  toe  
h y d r o ly sa te  w ere se p a r a te d  on a  s ta r c h  colum n. R e g a r d le ss
o f  how th e  s u p p lie d  to  th e c a l l s  th e  3.% was found
in  h ig h e s t  cone e n tr a  t io n  in  th e  g lu tam ic  a c id *  Amitionia, 
a la n in e  and  a s p a r t i c  a c id ^  had an  a p p r e c ia b le  enrichm ent 
w h ile  to e  b a s ic  amino a c id s  w ere low in  3%  i f  ammonia
i a  an In termed lei t e  in  n itr o g e n  f i x a t i o n  and i s  uboû t o  form  
g lu tm ilc  a o id ,  th e  3.% eo n a ex itra tio n  o f  th e  f r e e  ammonia 
e to u M  b e aa h i  gh aa o r  h ig h e r  than th a t  o f  th e  g lu ta m ic  
ac id *  I t  was arg u ed , how ever, th a t  th e  h y d r o ly s is  o f  the 
c e l l s  w ould l ib e r a t e  o ld e r  u n la b e l le d  ammonia from  am ides  
and th u s  d i l u t e  toe  1% o f  the f r e e  a im onla#  T hese r e s u l t s  
to g e th e r  w ith  th e  p r e v io u s  f in d in g s  o f  Z e liteJ a  e t^ a l .
(1951b) t h a t  C lo s tr id iu m  e x c re te d  e x tre m e ly  h ig h ly  la b e l l e d  
ammonia in t o  th e  medium In  a v ery  s h o r t  tim e  were tak en  a s  
i n d i c a t iv e  o f  th e  r o le  o f ammonia in  f i x a t i o n  in  C lostr id iu m , 
On th e  p r in c ip le  t h a t  in form at lo n  c o n c e r n in g  d i f f e r ­
e n t  ty p e s  o f  n itro g e n  f i x i n g  a g e n ts  la  I n h e r e n t ly  i n t e r e s t ­
in g  and u s e f h l  in  exam in in g  th e  com parative  b io c h e m is tr y  o f  
f i x a t i o n ,  o th e r  su ch  organ ism s were exam ined in  th e  above 
marmer# Wall# la g e n im o e h t, lew ton  & 13urris (195E) in -  
T O stig a ted  th e  d l s t i d b u t io n  o f  f ix e d  in  th e  p h o to -
s y a th o t le  b a c te r i a -  l!hocloapirll3.uiB, Ohroimtlum and O hloro-
b
b a cter iu m , w hile  Magee & B u r r is  (1954) s tu d ie d  th e  b lu e -
A
green  algae Nos t o o ,  Im each  organism  an  is o to p e  d is tr ib u ^e>‘
t io n  s im i la r  to t lm t  fou n d  in  C lo s tr id iu m  was o b ta in e d  
W hether 3.5g s u p p lie d  a s  n itr o g e n  or ammonia,
The W iscon sin  group have a l s o  c a r r ie d  o u t  s im i la r  
© xperim enta w ith  legume s # b u t g r e a te r  tech n ioa .1  problem s  
a r o se  h e r e . Large numbers o f  p la n t s  were roquix^ecl to  
y i e l d  s u f f i c i e n t  n od u le  m a te r ia l f o r  ia o t o p ic  a s s a y  a f t e r
f ra c tio n a tio n ,^  and to have M ao llj enoXosed tlie  p la n te  to  
expose t h e i r  n a d n le e  to  nouM  lmi?e been  e x tra v a g ­
a n t  in  iso to p e *  To expose the r o o t  Bjsrmm  a lo n e  was more 
econom ical b u t in v o lv ed  th e  u se  o f  r a t h e r  club loua s e a l in g  
d e v ic e s  a t  th e  b ase  o f  th e  sh o o ts  w h ile  i t  was a l s o  known 
th a t  th e  XabeXlecI f r e e  n i t r o g e n  te n d e d  to  escap e  th rough  
th e  sh o o t t i s s u e s  to  the e x te rn a l  atm osphere^ W ith e i t h e r  
p ro ced u re  p a r t  o f  th e  l a b e l l e d  produe ta  o f  f i x a t i o n  would be 
l o s t  from  th e  n o d u les  in to  th e  p la n t  d u r in g  th e  p e r io d  o f  
exposure  «
TüOi&ïci %)e laawiY IjT i&odbiles ccnilUi Tae
d eta ch ed  p r io r  to  exposure  to th e  however^, e v e r  s in c e
n o d u le s  w ere r e a l i s e d  to  be th e  s i t e  o f  f ix a t io n ^  m isu cceas- 
f u l  a tte m p ts  we re  made to  d em o n stra te  th a t  th e se  n o d u le s  
co u ld  c o n tin u e  a c t iv e  f i x a t io n  a f t e r  d eta ch m en t , I t  had  
been  hoped th a t  th e  u se  o f  #ie  h ig h ly  s e n s i t i v e  is o  to p ic  
m ethod would d e te c t  f ix a t io n *  B u r r is , E ppling^  l a l i l i n  & 
W ilson CX91S) h ow ever, found o n ly  o c c a s io n a l  p o s i t iv e  evld*^ 
©noe f o r  f i x a t i o n  in  d e tach ed  legume n o d u les  u s in g  
M aeiiata, B u r r is  & W ilson  {1947} and T o v e , B is s  à W ilson  (1950)  
t r i e d  to  s tim u lâ t©  f i x a t i o n  by add ing  v a r io u s  s u b s t r a te s  to  
th e  n o d u le s , b u t In b o th  o a s e s  . r e s u l t s  w ere s t i l l  in co n ­
c lu s iv e *  T h e re fo re  in  the  f i r s t  f r a o t I o n a t io n  experim en t 
Z e l l  to l l ,  W ilson  & B u rr is  (1952) exposed th e  r o o t  system s o f
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n o d u la te d  Soybean p la n ta  to  an atm osphere e n r ic h e d  w ith  
(She su baequ on t d i s t r i b u t io n  o f  th e  i s o t o p e  In  th e  h y d r o ly se d
a d d  e x t r a c t  o f  the n o d u les  once a g a in  r e v e a le d  t h a t  g lu tam ­
ic  a c id  c o n ta in e d  o v e r  tw ic e  a s  much as  any o th e r  amino 
a c id  and o v e r  th r e e  tim es t h a t  o f  a s p a r t i c  a c id .
In 1952, how ever, â p r is o n  à Bux^ris^ by r e s t r i c t i n g  
t h e i r  i s o to p ie  a n a ly se s  t o  th e  s o lu b le  n i t ro g e n  fraet^-o ii o f  
th e  n o d u le  r a t h e r  them th e  t o t a l  n i t r o g e n ,  o b ta in e d  con­
s i s t e n t  ev id en ce  o f f i x a t i o n  by e x c ise d  legume nodules*
The r e s u l t s  in d ic a te d  t h a t  f ix a t io n  d e c rea aed  r a p id ly  w ith  
t im e , and c e a se d  co m p le te ly  a f t e r  s i x  hours* The f i x a t i o n  
a f t e r  detachm ent i s  I n s u f f i c i e n t  to  In c re a se  th e  av e rag e  
c o n te n t o f  th e  t o t a l  n itr o g e n  of th e  n od u le  by a  s i g n i f i c a n t  
amount U sing  d e tach ed  n o d u le s  A p r is o n ,  Magee & B u rr is  
(1954) fu r th e r  in v e s t ig a te d  th e  ch em ic a l pathway o f  f i x a t io n  
in  Soybean n o d u le s  The d ie  t r i b u t  io n  o f  f ix e d  was 
exam ined a f t e r  exp osu re p e r io d s  o f  1 to  2 hours* As 
a p p re c ia b le  q u a n t i t i e s  o f  amide n itr o g e n  were p r e s e n t ,  prov  
c a u t io n s  w ere taken  to  a v o id  h y d r o ly s is  o f  th e  e x t r a c t  b e ­
fo re  f r a c t io n a t io n *  D e sp ite  t h i s  th e  f r e e  ammonia and th e  
amide ammonia w hether from  a sp a ra g in e  o r  g lu tam in e  had much 
low er 1% cone e n tr â t  io n s  th an  g lu tam ic  a c id ,  v& lch c o n te in a d  
th e  h ig h e s t  o f  any amino a c id  o r u l t r a  v io la t-a b s o x h in g  
compound examlmad* A p r is o n  a t  al.. a t t r i b u t e d  th e  low 
la b e l l i n g  of th e  f r e e  ammonia to  I t s  d i l u t io n  b y ammonia
67*
pFocàiced c a ta b o X io a lly  by B enesoant t i s s u e  o f  th e  module*
The r e s u l t s  ware th e r e fo r e  reg a rd ed  aa In a e 0 0 relance w ith  
th e  g e n e ra l  p ietiir©  o f n i t ro g e n  f i x a t io n  form ed by ©xarrjiiia- 
Isfic)# (>jT c>"l3ïïe>3? (>3Z|§EG&jlem%E;*
I t  would th u s  a p p e a r  t h a t  th e  d iv e rs e  syateiua exam ined 
by th e  ï l ls e o n s iii  w o rk e rs , nam ely, a e ro b ic  and a n a e ro b ic  
b a c t e r i a ,  p h o to e y n th e tIc  b a c t e r i a ,  h to e -g ro a n  a lg a e  and 
legixm© n o d u le s  p o s se ss  th e  same end p ro d u c t o f f i x a t i o n ,  
nam ely g lu ta m ic  ac id *  This i s  c o n s id e re d  by th e  W isconain 
w orkers to  be in  accordance w ith  th e  p roposed  pathway f o r  
f i x a t io n  g iv e n  on page 08 , w ith  th e  amino a c id  s y n th e s is  
from ammonia b e in g  th e  main pathway i n  a  q u a n t i t a t iv e  sense* 
A lthough th e s e  w orkers Imv© a tte m p te d  to  in v e s t ig a te  f a r t h e r  
jslie awigsa&GaB'ted %»o]Le <)jP 3Ln jTsLscgiizflcan, a&3?(&5Li3e3*
te o îm io a l d i f f i c u l t i e s  aria©  and so f a r  no  c o n c lu s iv e  r e -  
s u i t s  have been  o b ta in e d , while  V ir ta n e n  (1956) h a s  found 
i t  im p o ss ib le  to  renew h i s  e a i f l le r  r e s u l t s  co n ce rn in g  th e  
%)3?e2*enc(5 (>jr ()3c3uaiG2; jLoi
B&oisi:; ()f iblie %i3Lt;3%Dg;e%i jT3L2c3Lng; esgrEttfesms; IwEnre)
th u s  now been in v e s t ig a te d *  However, no a t t e n t io n  had been  
p a id  to  th e  non-legiim© r o o t  m odules* A a m entioned  in  th e  
G eneral In tro d u c t io n  and from  th e  r e s u l t s  p re s e n te d  In  
S e c t io n  I  o f  t h i s  t h e s i s ,  i t  i s  c le a r  th a t  th e s e  n o d u le s  
p o sse ss  th e  same p h y s io lo g ic a l  s i g n i f i c a n c e  a s  do legum e 
nodu les#  The non-legum e n o d u le s , h ow ever , d iffex »  g r e a t ly
jTjpOBG jüKi 't l ie  ()jT t3 ie
pb y te  and th e  o rg a n is a t io n  o f th e  t i s a n e  a (se e  F ig u re  8 ) .
I t  w as thü8 o f  I n t e r e s t  t o  I n v e s t ig a t e  th e  %ie(533eini.2s%G o f  
f i x a t i o n  in  th e se  n o d u le s . I t  was c o n s id e re d  t h a t  su ch  
an in v e s t ig a t io n  gava tim  o p p o r tu n ity  f o r  a  co m p ara tiv e  
b io ch em ica l s tu d y , ivhlch m ig h t w e ll  prove of v a lu e  in  
e lu c id a t in g  th e  f i x a t i o n  p ro c e s s  a s  a. w hole « By v i r t u e  o f 
i t s  g r e a te r  c a p a c i ty  f o r  f ix a t io n  a fte i^  detachm ent from th e  
p la n t  (Bond, 1957b) th e  non-legum e nodu le  p ro v id e s  more 
fa v o u ra b le  m a te r ia l  than  p re v io u s ly  a v a i la b le  f o r  s tu d y in g  
th e  sy m b io tic  f i x a t io n  p ro cess^  S ince th e  solder had  been 
m ost e x te n s iv e ly  s tu d ie d  w ith  r^eapect to  f i x a t i o n  I n  Glasgow, 
i t  was chosea  f o r  th e  f i r s t  b io ch em ica l s tu d ie s .
In  p r e p a r a t io n  f o r  Iso  to p ic  ex p erim en ts  some p r e ­
lim in a ry  knowledge o f  the n itro g e n o u s  c o n s t i tu e n ts  o f  the  
p la n t  I s  re c p ire d *  The f r e e  amino a c id s  o f  two European 
specieB  o f  a l d e r ,  A ^ ^ lu tia o sa  end A„..incana have been  s to d la d  
by' p a p e r  chrom atography by M ie ttin e n  & ¥ irtan © n  (1958). 
G i t r u l l in e  was shown to be th e  p red o m in a tin g  f r e e  amino a c id  
o f  th e  nodules^ a c c o u n tin g  fo r  about o f th e  nodu le  d ry
im l^rb  i n  summer, r i s i n g  to  0^9% i n  autumn and to  a lm o st 
2*0^ in  w in te r#  I t  a l s o  o ccu rred  in  sm a lle r  q u a n t i t i e s  
in  th e  r o o ts  and le a v e s  o f n o n -n o d u la ted  p la n ts  grown on 
combined n i t r o g e n ,  and hence I t  was n o t a s s o c ia te d  s p e c i f i ­
c a l ly  w ith  n i t ro g e n  f ix a t io n *  This ap p ea rs  to  be th e  f i r s t
F igure 2 .
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o f  u i t m M X i ï ï m  Im hlghw p la a ta  mimoe i t s  d iso o T ery
by l# d a  (1900^ im th e  tm tei? meWm. I t  became w e ll known
however#, in  th e  I n te r v e n in g  year@ In  enim el. m etabollam  am
mm im term eâéate  In  th e  isreba cy c le " #  O ther
amime aoiâa fommd to alder iiodulea by Miettineu & Vlrtanea
were g la ta m lo  am# s s p a r t i o  ao lde#  ^ n o  b u ty r ic , a d d
mid t r s e a e  o f  a rg to l^ ie  and erm lthlm e* 3^ o m ild e e  w ere fou n d
In  th e  e ld e r »  a  m trlklm g d lf fe r e m e e  from  th e  legum e n o d u le
t o  w h ich  a ep a ra g to e  and g lu ta m to e  w ere ah im d aat. I d le t t to e a
emd Vlrtmmem a t t r ib u t e d  t o  m ltrm lllm # i n . th e  e ld e r  th e  r o l e
o f  m ltro g a a  e t e r a g e  and tram ep ort u s u a l ly  a t t r ib u t e d  to  th e
am ides o f  o th e r  glaatm-#
Aa th e  m ethods o f  M letttoem  and V lr ta n e n  ( lo o *  o l t . )
y ie ld e d  o n ly  s im l^ # & m itlta t lv e  data# a  fu r th e r  g u m it l t a t lv e
au rvey  o f  th e  to d iv ld u a l  amtoo a o id s  p r e s e n t  to  th e  f r e e
s t a t e  Im th e  n o d u le s  o f  th e  a ld e r  was d e s ir a b le  .  T h i s
1#
was p a r t i c u l a r ly  so  when su b seq u en t 1 in v e s t ig a t io n s  
w ere p lm m ed  g o to o e  f e e  r e l a t i v e l y  la r g e  sam p les o f  
n itr o g e n  a r e  r e q u ir e d  f o r  a s s a y  t o  a  m ass sp eo trom eter#
The y i e ld  # f  to d iv id u a l  aminG m elds to  be expec ted  from  
a  g iv e n  w e ig h t o f  m odules had  th u s  to  b e  d e te rm in ed .
Tkm work to  b e  d e sc r ib e d  t o  t h i s  S e c t io n  o f  th e  
T h e s is  c o n s i s t s  th e r e fo r e  o f  e3#ertoem ta  t^ ith  A togs
to  w hich th e  m odules a re
15ezp oeed  to  ©xeeea 1  and t h e ir  n itragem oua f r a c t io n s  
a ssa y e d  f o r  i s o t o p e  c o n te n t .  s t u d ie s  o f  th e  n a tu r e
90^
e s  o fQt m e
tî*3rs»M J!S>/jyiiS!Sœ fc<intà^^.?aîS3S35B ïs^^
beem em
imtlgmMem a
aJJ.. iAm module ma 
m m alytlem l m #  o3
th e  am pervlelem
ô f  th e  f h e s ia  
conducted  by th e  m itW #
ggeeted 
th e  a ld e r  p la n te  u t i l i s e d »
m
 ^ em rrre  
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m^mwB 1 .  Tim su b seq u en t
l e a f Ti
mm w are p e r f e m e â
ea se  o f
Mmue m a te r ia l  th e  opor& tione w ere e a r r l e d  o u t  i a i a t l y  
o p e r a t io n s  em th e  m a te r ia l  o f  th e  th r e e  o th e r  g e n e r a .
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mTEODB.
P le a t  M a te r ia l  Used*
E x p lo ra to ry  work on th e  e x t r a c t io n  and fx m e tio im tio n  
o f th e  f r e e  am ino a c id a  o f  A Inna g ln t ln o a a  \ma c a r r ie d  ou t 
u a in g  f i e l d  n od u le  a o o l le c te d  from  M llmgavle and S to c k ie -  
im lr ,  Ik tn b arton ah lre. For th e  main ex p er im en ts  In v o lv in g  
exposure  to  e x c e ss  f r e e  m a te r ia l  was p ro v id ed  by f i r s t -*  
y e a r  a l d e r  p la n ta  w hich  had been r e a re d  from  se e d  i n  th e  
g r e e n h o u se . A t th e  tw o - le a f  s ta g e  th e  s e e d l in g s  had been  
tr a n s p la n te d  fTOm the eencl i n  which th e y  g erm in a ted  in to  
n i t r o g e n - f r e e  GroneVs c u l tu r e  s o lu t io n  (pH 6*^6) and 
In o c u la te d  in  th e  u s u a l  m anner ( s e e  G enera l Piethods^
S e c tio n  I ) .  Tim module m a te r ia l  was exp o sed  to  an ahiios- 
phera  eo n ta im in g  ex c e ss  f r e e  in  1955 between 8 th  and 
14th  September» by w hich  tim e the p la n t s  had a t t a in e d  a 
mean average  h e ig h t  o f  16 cm# F u r th e r  ex p o su res  o f  
n o d u les  from  " s im ila r  m a te r ia l  w ere made in  A ugust 1 9 5 6 'and 
1957. T y p ic a l p l a n t s  u sed  a re  shown In  P l a t e  15 .
M yrlca  g a le  n o d u le s  w ere l ik e w is e  o b ta in e d  from  
g re e n h e u e a -re a re d  p la n ts ^  in  t h i s  case  In t h e i r  second 
seaso n  o f  grow th , T y p ic a l p la n ts  a r e  shovm in  P la te  10» 
S e c tio n  I .  N od u les were ex p osed  to  exoeBB betw een  
5 0 th  J u ly  and  9 th  Auguste 1 9 5 6 . M a te r ia l f o r  p ap er  
chromatograpM ea3* a n a ly s i s  o f lippophai^ and O asuarlm a was
P la t»  15,
( x  l / g )
]firB t year nodulated a ld er  p la n ts  ty p ic a l o f  th ose
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exposed to ex cess  fr e e  N.
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a ls o  o b ta in e d  from  p la n ts  r e a r e d  in  th e  greenhouse» In  the 
l a t t e r  eaee  h j  Dr. G, Bond. Modules o f  illnua  ru b ra  were 
o b ta in e d  from  M a te r ia l  s e n t  by a i r - i m i l  from  A m erica.
Epmosure o f  M odulos to  e x o e s s  f r e e  *
A l& eu g h  d e ta c h e d  modulee a re  much s im p le r  to  w ork 
w ith  itien whole p la n ts »  i t  was d e s i r a b le  to  ' a s c e r ta in  w hether 
dotaohm ant i n  any way a l t e r e d  the  m u r se o f  th e  f ix a t io n  in  
th e  n o d u le . I t  m ust be remembered t h a t  when u s in g  d e ­
ta c h e d  n o d u le s  in  s h o r t  te rm  exp erim en ts  I r r e g u l a r  m e tab o l­
ism  due to  in ju r y  may have, an  im p o rtan t e f f e c t  » w h ile  in  
lo n g e r  ex p o su res  th e r e  may be an u n n a tu ra l  aceu iim la tio n  o f  
n i t ro g e n  compounds in  th e  n o d u le s  s in c e  no t r a n a lo c a t io n  
to  tlie r o o ts  and sh o o ts  can o c c u r . In  th e  1955 e x p e r i -  
mente w iü i a ld e r-  th e re fo re »  n o d u le s  w ere In  some o a se s  ex - 
posed to  1 so to p ic  n i t r o g e n  b e fo re  detachm ent from  th e  p la n t  
and in  o th e r  o a se s  a f t e r  de tachm en t. Jn a l l  su b seq u en t 
I s o to p ie  work d e tach ed  n o d u le s  were em ployed.
F or su ch  ex p er lzm n ts  g a seo u s  n i t r o g e n  c o n ta in in g  
ex cess  was p re p a re d  i n  a n itr o m e te r  by th e  a c t io n  o f  
sodium  hypobrom ite on ammonium n i t  r a t a  con ta in in g  56 atom 
p er  c e n t .  M in  th e  ammonium r a d i c a l # The n itr o g e n  was 
t r a n s fe r r e d  to  a  gas b u r e t t e  and ü io ro u g h ly  sliskon w ith  
su lp h u r ic  aclci to  remove any t r a c e s  o f  l a b e l l e d  m m onla  
w hich  m l# it  be  p re se n t*  U sin g  t h i s  e n r ic h e d  n itr o g e n  g a s
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m ix tu re -o f  th e  d e e l r a d  C om position ..were then  p repared*
When a t ta c h e d  nodmXes were to  he  exposed t o  ex cess  
th e  p ro céd u re  d e sc r ib e d  by Bond (1955) wae fo llo w ed  «
The p la n te  in  tended  f o r  use  were in s e r t e d  a t  an e a r ly  
s ta g e  in  grow th in to  e p e c la l  2 h o le d  ru b b e r  s to p p e ra  
d e s ig n e d  to  f i t  th e  b o t t l e s  in  w hich th e  ro o t  ayatema were 
to  be exposed to  th e  g a s . tîn t i l  t h i s  tim e th e  p la n ts  and 
s to p p e rs  w ere p la c e d  in  la rg e  tab es  o f c u l tu r e  s o lu t io n .
When d e s i r e d  % e a to p p e rs  and p la n ts  were f i t t e d  in to  wide 
necked  b o t t l e s  con im to ing  c u l tu r e  s o lu t io n  and a  gas space 
o f  30 la l,»  a s  shown in  F ig u re  5 . The b a se  o f the
stem  was s e a le d ' to  th e  ru b b e r  s to p p e r  w ith  p l a s t i c i n e ,  
f e n  b o t t l e s  w ere th e n  a t ta c h e d  to  a c a p i l l a r y  B m nifold and 
the w hole system  d ra o n a te d  to  o f an atm osphere f iv e  
tim es» b e in g  r e f i l l e d  on each  o c c a s io n  w ith  a rg o n . T h is  
was c o n s id e re d  th e  m ost e f f e c t iv e  p ro ced u re  a s  u n d er com­
p le te  e v a c u a tio n  th e  p l a s t i c i n e  s e a l  doea n o t  alw ays rem ain 
a i r - t i g h t  » w h ile  in ju r y  o f  d e l i c a t e  p la n t  t i s s u e  may a l s o  
r e s u l t  from  com plete e v a c u a tio n . F in a lly , th e  system  was 
ev acu a ted  t o  h a l f  an atm osphère and  the  s p e c ia l  gas m ix ture»  
éQ% oxygen» 2Q% n i t ro g e n  (56 atom# ) and 40# argon» was 
a d m itte d  u n t i l  th e  p re s s u re  was r e s to r e d  to  n o rm al. By 
t h i s  p ro ced u re  th e  ro o t  system s were exposed to  a  gaa m ix tu re  
i n i t i a l l y  c o n s is t in g  o f  80# oxygen» 3.0# e n r ic h e d  n i t ro g e n  
and 70# argon^ The b o t t l e s  w ere l e f t  In  open co n n ec tio n
Figure 3
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o f  a ld e r  p la n t s  to  an atm osphere c o n ta in in g  
e x c e s s  f r e e  (à  1 /2 )
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wl th  th e  m en ifo ld  fo r  3 hours»  miclar the  pro v a i l in g  gx’oen- 
house c o n d i t io n s  (av e rag e  tempe r a ^ r o  8 5 ^ 0 ) . The p la n t  a 
vjere th en  removed from  th e  b o t t l e s  and th e  n o d u le s  p ick ed  
o f f  as  q u ic k ly  a s  p o s s ib le  and s to re d  i n  s o l id  ca rb o n  
d io x id e  p r io r  to  e x t r a c t io n , Four such  ex p o su res  were 
made in  Septem ber {11-3.4th) 1055» th e  av e rag e  w eigh t o f  
n o d u les  o b ta in e d  in  each  rim  being  5*8 gm*
\fhen nodu3.es ware to  be exposed to  e x c e s s  a f t e r  
cletacIiBient th e  p la n t  th e  n o d u le s  wez^e p la c e d  in
s p e c ia l  tu b e s  and th o se  a t ta c h e d  to  th e  m a n ifo ld  a s  #iown 
in  P la te  16i The tu b as  employed were o f  25 m l. c a p a c i ty
and X gn . n o d u le s  to g e th e r  w ith  0*5 ml* c u l tu r e  s o lu t io n  
v;as p la c e d  in  each*. In  e a r ly  eicp© rim en t a 8 tu b e s  were 
a t ta c h e d  to  th e  im n ifo M  f o r  each  exposure* This p ro o o d ira  
in v o lv ed  removin^^ n o d u le s  from an av e rag e  o f  57 p la n ts »  
w hich to o k  abou t 30  n iln u te s* As th e  m ta  o f  f ix a t io n  f a l l s  
o f f  a f t e r  th e  n odu le  i s  d e tach ed  from  th e  p la n t»  i t  was 
d e s i r a b le  to  keep t h i s  i n t e r v a l  t o  a minimum and in  l a t e r  
exp erim en ts  o n ly  4 ta b e s  w ere a t ta c h e d  t o  m an ifo ld  a t  one 
time» tlMB re d u c in g  th e  I n te r v a l  taeen  detachm en t and 
exposu re  to  15 m in u tes  a t  th e  most.. A f te r  a tta ch m en t to  
th e  m a n ifo ld  th e  whole a p p a ra tu s  was fu 3 Jy  e v acu a ted  land th e  
p re v io u s ly  p re p a re d  gas m ix tu re  (20# oxygen» 10# n itro g e n  
w ith  56 atom p e r  cen t*  and 70# arg o n ) a d m itte d  u n t i l
a tm o sp h eric  p re s s u re  was r e s  ta r  ed , The tu b e s  wore c3,osed
Plate 16
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( i  V«r)
Photograph by courtBoy o f  Dr« £»• i3ond<
7 6 *
aaci removed to  a  In c u b a to r . A f te r  the d e s ire d  ex -
posur© t o  th e  th e  te b e a  were opened and th e  modules
removed and s to r e d  in. s o l i d  carbon d io x id e  p r i o r  to  
ex tim e tio n *
Modules u sed  in  experiîiB B ts in  1955 were exposed t o  
exeesB is o to p e  f o r  a  p e r io d  o f  1#- te a *  The r e s u l t s  o f  
th e se  exposures»  to g e th e r  w ith  f a r t h e r  ev id aao a  on f ix a t io nalde^lr ,
by d e tao h ad ^n o d u les  o b ta in e d  by Bond (1957b) » le d  t o  th e  
p e r io d  o f  ex p o su re  I n  subsequen t ex p e rim en ts  b e in g  s h o r te n ­
ed to  If hour* The s h o r t e r  the exposure  tim e th e  e a s i e r
i t  sh o u ld  be  to  d i s t i n g u i s h  i n i t i a l  p ro d u c ts  o f  f i x a t i o n .
15
n o d u le s  w ere exposed to  M f o r  p é r io d e  o f B to  #  hour.
E x tra  e t lo n  o f  lo d u le s .
U n lik e  th e  r a d io a c t iv e  iso to p e s»  th e assay  o f s ta b le  
is o to p e s  in  a  mass sp ee te o m e te r r e q u ir e s  a  r e l a t i v e l y  la r g e  
amount o f  m ateria l* . In  th e  e a se  o f  a  minimum o f
0*4 mgm* n itr o g e n  i s  reqgalred*. S ln o e  amino a c id s  a r e  
n o rm ally  p r e s e n t  in  l i v in g  c e l l s  to  th e  f r e e  s t a t e  to  on ly
1 5sm a ll p r o p o r tio n s»  an ex p er im en t u s in g  N and d e s ig n e d  to
in v e a t ig a to  th e  f r e e  am ino acicia s p e c i f i c a l l y  must b e  ooii-' 
due te d  on  a  v ery  la r g e  s c a le *  In t h e i r  e a r l y  exp erim en ts  
th e  W iseonato w orkers o b ta in e d  toe  n e c e s sa ry  q u a n t i t i e s  o f  
n i t r o g e n  by h y d ro ly s is  o f  t h e i r  41 EOX e x t r a c t s  « I t  is»  
h ow ever, p o s s ib le  t h a t  a n  amino a c id  w h ich  I s  p r e se n t  only  
to  m inute amount to  toe f r e e  s t a t e  co u ld  p o s se s s  a h ig h
7 7.
1 5E o o n te n t .  I t  I s  e q u a l ly  p o s s ib le  th a t  la r g e  q u a n t i t i e s  
o f  t h i s  amino a c lc l couM  ooau r bound In  p e p t id e  o r  p r o te in  
o f  th e  e e l l s *  I s o t o p ic  a s s a y  o f  th e  amino a c id s  a f t e r  
h y d r o ly s i s  w ould r e c o r d  a low *^ %î c o n ta n t  f o r  t h i s  amino 
a c id »  in  no way r e f l e c t i n g  i t s  o r i g i n a l  M gh  en rieh m ent in  
th e  f r e e  s t a t e *  On th e  o th e r  band» amino a c id s  p r e se n t  
in  r e l a t i v e l y  la r g e  q u a n t i t i e s  in  th e  f r e e  s t a t e  (©,§«»  
g lu ta m ic  a c id )  may n o t b e  d i lu t e d  to  an  e q u a l e x te n t  on 
h y d r o ly s is  and th u s an am biguous p a t te r n  i s  o b ta in e d  f o r  
th e dS.e t r ib u t !  on o f  th e  f i x e d  In  th e  G e l  I s . For t h i s  
rea so n  i t  was d e s ir e d  to  I n v e s t ig a t e  s p e c i f l o a l l y  th e f r e e  
amino a c id s  o f  th e  a ld e r  n odu le*
In  t h e  W iaeon sin  ex p er im en ts  w ith  e x c is e d  legume 
n o d u le s  e x t r a c t io n  was by 0*0671 p h osp h ate  b u f f e r  p i  6*5 
and p r o t e in  was p r e c ip i t a t e d  w ith  b a s ic  le a d  a c e t a t e ,
T his was r e j e c t e d  in  th e  p r e se n t work due t o  th e  tend en cy  
o f  th e  p r e c ip i t a t e  to  ad sorb  amino a c id a  and p e p t id e s ,
M le tt ln e n  & V lrtan en  (1 9 5 8 ) e x t r a c te d  th e  f r e e  amino 
a c id s  o f  th e  a id e r  n o d u le s  w it h  70# a l c o h o l .  Such an 
e x t r a c t  was found In  th e  p r e s e n t  work t o  c o n ta in  su b sta n c e s  
w hich  on d ry in g  produced  a dark gum and I n te r f e r e d  w ith  
scib'soqaent s e p a r a t io n , The amino a c id a  w ere se p a r a te d  by  
I f ie t t in e n  & V lr ta n en  from  t h i s  r e s in o u s  m a te r ia l  by a b so r p tio n  
on th e  Ion exchange r e s in »  Dswex 2 ,  However, a s  a  q u a n t i­
t a t i v e  s e p a r a t io n  o f  th e  amino a c id s  was d e s ir e d ,  th e r e
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were two o b je c tio n a  to th e  above p ro c e d u re . In  the f i r s t  
In  a tamo e bowex B would n e t  r e t a i n  the M a le  amino a e id a  
and m m onla q u a n t i t a t iv e ly  and second ly  I t  was found tl ia t 
p a r t  o f  the ç l t r u l l l n e  was l a  some manner changed on ab ­
s o rp t io n  on to  hawex S, The e x a c t n a tu re  o f  tîa is  ohaiig© 
h a s  mot 80 f a r  been e lu c id a te d »  b u t o m i th ln e  was pi?oduced 
to g e th e r  w ith  a  compound w hich was e lu te d  ahead  o f  e l t r u l -  
l i n e  from  'Dmmx 50 and y ie ld e d  o rn itM n ©  and e l t m l l l n e  on 
h y d r o ly s i s .
S in c e  aqueous s o lv e n t s  d id  n o t ap p ea r to  e x t r a c t  gam 
p rod u cin g  m a t e r ia l s ,  p r e lim in a r y  t r i a l s  w ere th e r e f o r e  con­
d u cted  u s in g  fo u r  su ch  e x t r a c t a n t s  » nam ely, 0*1H H01» 31 
HC1» 0*XM pho sp h a te  b u f f e r  pH 6*8» and w ater* I t  was 
f i n a l l y  found t im t  O.IH HGl gave the h ig h e s t  y i e ld  o f  
n i t r o g e n  e x tr a c te d  ( a p p ro x im te ly  20# o f  t o t a l  n od u le  
n itr o g e n )»  @nd on l y o p h i l i s a t i o n  y ie ld e d  a  w h ite  f r i a b l e  
r e s id u e .  The a d d it io n  o f  ground g l a s s  d u r in g  th e  e x t r a c t io n  
was n o t found  to  Improve th e  y i e l d  o f  n itr o g e n  e x tr a c te d *
The n o d u les  were th e re fo re  homogenised in  ro u g h ly  10 gïi* 
l o t s  in  an  ic e -c o o le d  l e l c o  b le n d e r  w ith  O .IN  HCl (9*0 ml*
E01 to  1 gm* n o d u le s)  fo r  5 m in u te s . A f te r  cen t r i t h  g a t  io n  
a t  0^0 , the  re s id u e  was r e - e x t r a c te d  w ith  h a l f  th e  volume 
o f  0.*,3il HCl i n i t i a l l y  used* The r e s u l t i n g  s u p e rn a ta n ts  
w are th e n  combined» f r e e z e  d ried »  and f i n a l l y  token u p  Û 
5 ml* c i t r a t e  b u f f e r  pH 3 ,1*  In  t h i s  form  th e  e x t r a c t s
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were s to re d  a t  -6^0  u n t i l  r e q u ir e d  f o r  f r a c t i o n a t i o n ,
P re lim ln a iy  ex p erim en ts  showed th a t  10 gm* o f A inas 
p;lut in o a a nodules waa th e  maximum q u a n t i ty ,  th e  e x t r a c t  o f  
w hich  co u ld  be convenlent3.y f r a c t io n a t e d  on a  0 ,9  x 150 em, 
column o f  Zeokarb 225 (aa d e s c r ib e d  below ) ,  I t e r e f o r e ,  o f 
th e  n o d u les  exposed  in  September» 1955» too  10 gn, l o t s  of 
d e tach ed  no d u les  were e x tr a c te d  s e p a ra te ly  (E x tra c ts  1 & 2 ) ,  
This r e s u l t e d  In some b u lk in g  o f  m a te r ia l  exposed on d i f f e r ­
e n t  d a y s , The same procedure was fo l lo w e d  w ith  th e  a t t a c h -  
qd n o d u les  (E x tr a c ts  3 & 4 ) ,  In  1956 te n  one gm, b a tc h e s  
o f  d eta ch ed  no d u les  were exp osed  on th e  same a fte r n o o n  and 
e x tr a c te d  to g e th e r  Im m ediately  a fte r w a r d s  (E x tr a c t  6 ) . A 
s im i la r  p roced u re was a ls o  employed w ith  th e  nodule  a p ic k e d  
in  1967 (E x tr a c t  6 ) ,
Modules o f Myr i c a  g a le  were e x tr a c te d  a l s o  In  10 gm, 
lo ta  a s  d e s c r ib e d  f o r  th e  a ld e r  n o d u le s  in  1956,
P w e r  O hrom atographic Analy s i s  o f th e  Module E x t r a c t s ,
P ro llm ln a ry  q u a n t i t a t iv e  I n v e s t ig a t io n s  o f  the amino 
a c id  co m p o sitio n  o f  n o d u le  e x t r a c t s  o f  Alims g l u t i n o s a .
AlnuB r u b r a . Myrloa. g a l e ,  H lppqphai r h a m o id e s .  and C asuarina  
were c a r r i e d  o u t ky means of Wo ctom enaional p ap er clirom ato- 
grap h y . Sam ples o f  the e x t r a c t s  were exaaiined  b o th  b e fo r e  
and a f t e r  h y d r o ly s is  a t  115^0 f o r  2 4  h o u r s . The s o lv e n t  
system s employed w ere b u ta n o l -  a c e t i c  a c id  -  w ater in  th e
r a t i o  4 :1 :5  by volume In  th e  f i r s t  d im ension fo llo w ed  by 
w a te r-ea tu ra .t© â  pheno l ( in  th e  p resen o e  o f ammonia vapour 
and KCI) in  th e  second d im en sio n , Whatomn M o,l f i l t e r  
p ap e r was u sed  th ro u g h o u t, The amino acicie were d e te c te d  
by sp ra y in g  w ith  0*2# n in h y d r in  in  60# e th a n o l to  w hich 1# 
ace t i c  a c id  and a t r a c e  o f c o l l id in e  had been added . The 
c o lo u r  was deve loped  in  an oven a t  90^0 f o r  f i v e  m in u te s ,
The p re se n c e  o f c i t m l l i n a  was confirm ed by apx^aying w ith  
th e  p-dlm e thyIm ilnoben^aldehyde re a g e n t  o f  Fowden (1 9 5 1 ),
F r a c t io n a t io n  o f Gompomente o f Ainu a g lu t ln o a a  E x t r a c t s ,
9iie n itro g e n o u s  components o f th e  a ld e r  e x t r a c t s  were 
s e p a ra te d  by ion  exchange chroma tog  m phy on a  coXuBm of a 
su lphonated . p o ly s ty re n e  r e s i n  by th e  p ro ced u re  o f Moore & 
S te in  (1954), Zaokarb 225» th e  B r i t i s h  e q u iv a le n t  o f th e  
Domex 50 u se d  by th e  above a u th o rs»  was employed» th e  r e s in  
h av in g  a nom inal d eg ree  of e ro aa  l in k in g  o f 5# , As p ro -  
lim ln a ry  f r a c t lo n  of th e  e x t r a c t  on Dowex 2 had r© su ite d  in  
a low y ie ld  o f  e i t r u l l i n a  the  e x t r a c t  was a p p l ie d  to  th e  
column d i r e c t l y  w ith  no p re v io u s  m a n ip u la tio n  ex cep t concen­
t r a t i o n  to  a s u i ta b le  volum e, The pH was then  a d ju s te d  to  
2 ,0  and th e  ch a rg e  a p p lie d  to  a  0 ,0  % 150 co lm m  of th e  
Zeokarh 225 , E lu t io n  was by c i t r a t e  b u f f e r  o f  c o n tin u o u s ly  
in c re a s in g  pH and io n ic  s t r e n g th .  The e f f l u e n t  from  the  
column was c o l l e c t e d  in  1 ,5  to  2 ,0  m l, f r a c t i o n s  on an a u to -
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mat le  f r a c t i o n  c o l l e c to r  by th e  d ro p  co u n tin g  method.
P o r tio n s  (0 ,1  to  0 ,2  ml* ) o f  a l t e r n a t e  f  r a c t io n a  were 
a n a ly se d  f o r  amino n i t ro g e n  by th e  p h o to m e tric  n ln b y d r ln  
method o f Moore & S t e in  (1948 ), Iha  m o d ified  n ln h y d r in  
re a g e n t su g g e s te d  by  Cooking & Temm (1964) \m s u se d  be cause 
o f i t s  g r e a te r  s t a b i l i t y .  Â p lo t  o f  c o lo u r  I n te n a i ty  
a g a in s t  e f f l u e n t  volume was th en  made in  w hich each peak  
r e p re s e n ts  one o r more n iiib y d rin  p o s i t iv e  s u b s ta n c e s . These 
were th e n  t e n t a t i v e ly  i d e n t i f i e d  by t h e i r  p o s i t io n  o f e l a t io n  
from  th e  oolim n as compared w ith  toe  p a t t e r n  o b ta in e d  by 
Moore & S te in  (1954) f o r  a p rep a red  m ixtu re  o f  50 com ponents, 
A p r e lim in a r y  a n a ly s i s  o f  a p r o te in  h y d r o ly sa te  had e s t a b l i s h ­
ed th a t  18 amino a c id s  we re  e lu te d  to th e  same ord er aa found 
by Moore & S te in *  However » as th e  m etho#  o f e x t r a c t io n  
em ployed e x t r a c t  p e p tid e  m a te r ia l  a s  w e ll a s  amino a c id s»  th e  
i d e n t i t y  and p u r i ty  o f  each peak was confirm ed  by p ap er 
chrom atography ,
The p resen ce  o f  s a l t  I n t e r f e r e s  w ith  p aper cteoim ito- 
g ra p h ic  s e p a r a t io n s .  As e lu t io n  from  the colum n was by 
c i t r a t e  b u f fe r»  the s a l t  had to  be rem oved b e fo re  th e  saniplea 
co u ld  be a p p l ie d  to  th e  p a p e r. An e le e t r o c l i a ly t i c  method 
u s in g  ion  exchange membranes d e sc r ib e d  by Wood (1956)» was 
. t r i e d ,  b u t was found u n s a t l s f a e to r y  as  th e  rem oval o f  th e  
c i t r a t e  io n s  proved  ex trem ely  slow  compared w ith  th e  sodium . 
Thus by th e  t im e  toe  s a l t  had been  co m p le te ly  removed a la rg e
p ro p o r tio n  o f  the  amino a c id s  had a ls o  b een  l o s t .  The
a c id ic  and n e u t r a l  amino a c id  c o n ta in in g  f r a c t i o n s  were
th e re fo re  f re e d  from  s a l t  by p a s s in g  them th ro u g h  a co3.umn
o f Ibwe% 2 (0 .9  x 1*2 cm.) In  th e  h y d ro x y l form* The column
was th an  mushed w ith  w a te r  u n t i l  the  e f f l u e n t  was n e u tra l»
when the amino a c id s  were e lu te d  with, norm al a c e t i c  a c id
(Drase., Bigwood & Moore» 1954)* G i t r a l l i n e  had p re v io u s ly
been found to  be r e co v ere d  in  lovj y ie ld s  fromi Dowax 2 b u t
n orm ally  th e re  was m ob  a  h ig h  o one en t r a t  io n  o f  c l tm l l lm a
p re s e n t  in  th e  e x t r a c t s  t h a t  p ap e r chrom âtogramB co u ld  be ru n
w ith  no p re v io u s  rem oval of s a l t  from th e  a p p ro p r ia te
f r a c t io n s *  Even where d e s a l t in g  was n e c e s sa r y  some e l t r u l -
l i n e  VMS re c o v e re d  and th e r e fo r e  f o r  q u a l i t a t i v e  p urposes
t h i s  tech n iq u e  was s a t i s f a c to r y *  The above a u th o rs  a l s o
d e s c r ib e d  a method f o r  f r e e in g  b a s ic  amino a c id s  from s a l t
by a d s o rp tio n  on a column o f Zeokarb in  th e  hydrogen form:
Thia m ethod proved  u n s a t i s f a c to r y *  I t  was found t h a t  by
u s in g  th e  Zeokarb In  the  ammonium form  b e t t e r  r e s u l t s  co u ld
he o b ta in e d . A fte r  the ch arge  had been a p p l ie d  t o  th e
column (0 .9  x  1*0 cm*) i t  was. washed %9lth 0*033 a c e t i c  a c id
and th e  b a s ic  amino a c id s  a lu te d  w ith  0*05M ammonia.
S a l t  f r e e  smmple s from  each  peak on th e  e f f lu e n t
cu rv es  were exam ined by tvm d im en sio n a l p ap e r chrom atography
(aa d e s c r ib e d  p r e v io u s ly ) b o th  b e fo r e  and a f t e r  h y d r o ly s is  
a t  115^G f o r  84  h ou rs w ith  6N ECl. I t  was fou n d  m a t  th e
amino a c id s  were e lu te d  from  the Zaokarb 885 in  th e  smm 
sequence in each experim ent»  t h i s  sequence b e in g  s im i la r  
to  th a t  of Moore & S te in  (1954). In  o o n tzm st to  th i s  » how­
e v e r ,  the ammonia peak varied in  p o s i t io n .  In a t e s t  n m  
w ith  a m ixtar©  o f known composition ammonia occupied th e  
p o s i t io n  re c o rd e d  by Moore & S te in ,  b e in g  e lu te d  J u s t  ahead 
o f o r n i t h in e .  As no such peak was obtained on f r a c t i o n a t io n  
o f th e  a ld e r  e x t r a c t s ,  i t  was a t  f i r s t  t i io u ^ i t  that th e se  
e x t r a c t s  c o n ta in e d  Insufficient ammonia fo r  d e te c t io n ,  Aa 
anmonia c a n n o t be d e te c te d  by p ap er e tooxria tograph j, i t  was 
n o t  Immediately realised that i t  was b e in g  eluted to g e th e r  
w ith  a n o th e r  amino a c id .  In one fractionatlon the ammonia 
overlapped th e  o r n i th in e  peak w h ile  in  th e  majority of o th e rs  
i t  was found with th e  ^ -am ino b u ty r ic  a c id .  After t h i s  
was realised, the  ammonia was s e p a ra te d  from th e s e  f r a c t i o u s  
by making them a lk a l in e  and a e r a t in g  i t  in to  2# b o r ic  a c id .  
The f r e e  ammonia In 'E x tra c t 6» how ever, was removed b e fo re  
i t  was p la c e d  on th e  column f o r  fractionation by making th e  
e x t r a c t  s l i g h t l y  a lk a l in e  w ith  calcium h y d ro x id e  and a s p i r a t ­
in g  th e  ammonia in to  b o r ic  a c id .
Due to  th e  h ig h  c o n c e n tr a t io n  o f  c l t r u l l l n e  in  th e  
a ld e r  e x t r a c t s  th e r e  was a c e r t a in  f a i l u r e  o f  r e s o lu t io n  in  
th a t  the  e l  t r u l l  lu e  ten d ed  to  o v e rla p  b o th  th e  g ly c in e  and 
a la n in e  p e a k s . S ince b o th  th e se  am ino a c id s  were p r e se n t
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only as tr a c e s , no further separation was a tte m p te d ,
Moore & S t elm (1954) r e p o r te d  t h a t  under t h e i r  
f r a c t i o n a t io n  c o n d it io n s  on a long  column of Domex: 50 
g lu tam in e  mas almost t o t a l l y  destroyed. Alder n o d u le s  
mere thus exam ined in d e p e n d e n tly  f o r  the p re se n c e  o f g l u t -  
amine and t r a c e s  of asparagine, I t  was a ls o  th o u g h t t h a t  
th e  e x t r a c t io n  w ith  O.IH h y c iro ch lo ric  a c id  aa  employed above 
m ight decompose glutamine » henca a sai^ple o f  nodules, was 
specially e x t r a c te d  w ith  w a te r  and th e  protein p r e c ip i t a t e d  
w ith  tu n g s t io  a c id ,  The f r e e  ammonia was , removed . by 
making a  p o r t io n  of t h i s  e x t r a c t  alkaline and a e r a t in g  th e  
ammonia in to  0,02M sulphuric acid. I t  was then e s tim a te d  
with Nesalerts r e a g e n t .  Any g lu tam ine  p re s e n t in  the ex­
tract oould b e  d e te c te d  by removing th e  amide n it ro g e n  o f  
the m olecu le  aa ammonia. The method employed for t h i s  
purpose i a  d e s c r ib e d  on page 83 for %rrioa e x t r a c t s .  Any 
ammonia ao l i b e r a t e d  could then be a e ra te d  in to  sulphuric 
a c id  and e s tim a te d  a a above. By s im i la r  means the p resen ce  
o f a sp a ra g in e  i n  the e x t r a c t  was a l s o  in v e s t ig a te d *  By 
these methods» however» no t r a c e  o f e i t h e r  g lu tam in e  o r  
a sp a ra g in e  cou ld  be fo u n d . F u r th e r  Investigations wore th en  
a tte m p te d  by rem oving th e  f r e e  d ic a rb o x y lie  a c id s  ( a s p a r t ic  
and glutamic) from  an e x t r a c t  of the n o d u le s  on a column of 
Amberlit©  l ,h ,4 B  (see  p a g e îW , The e x t r a c t  was then
d ro ly so d  and subsequently re-examj.ned f o r  th e  presence of
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d le a r  boxy l i e  a elds»  b u t none were fo u n d .
I:a th e  1955 ex perim en ts  ©aeh f r a c t i o n  from  th e  column
was a l s o  examined f o r  the  a b s o rp tio n  o f  ultra-violet l i g h t  
o f  w aveleng th  260 Dm* f h i s  waa c a r r i e d  o u t u s in g  a  Unlearn 
apectrophotom etex^ ( 8 .P. 5 0 0 ),
D egradation  o f the C i t r a l l i n e  M olecule,
The e i t r u l l i n a  i s o l a t e d  from  th e  a ld e r  e x t r a c t s  was
found to  c o n ta in  a  c o n s id e ra b le  ex cess  o f  and aa th e re
are th re e  n i t ro g e n  atoms in  the moleoui.e» I t  was of i n t e r e s t
35to  f in d  o u t w hether t h i s  ex cess ' 1 was ev en ly  o r  o th e rw ise  
d i s t r i b u t e d  among th e  n itro g e n  atoms. I t  was p lanned  to  
I n v e s t ig a te  t i l l s  p o in t  by  s p l i t t i n g  th e  o i t r u l l i n e  to  
o r a l th j j i e  and amiEonia*
The removal o f  th e  carbam yl g ro u p in g  from e l t r u l l l n ©  
was f i r s t  a tte m p te d  by h y d ro ly s is  w ith  norm al sodium 
h y d ro x id e . However, r e s u l t s  wara u n s a t i s f a c to r y  and th e  
h ig h  c o n e e n tra t io n  o f sodium  I n te r f e r e d  w ith  th e  f i n a l  
K jo ld a h l d ig e s t io n .  A modification of the method of H irs  
& B ,itteub0rg  (1950) was c m a o q u e n tly  u s e d . As toe  e itra 3 .1 in e  
sample was I n i t i a l l y  in  c i t r a t e  buffer» toe citrate was re­
moved by p ro c lp  I t  a t  ion with barium . The s o lu t io n  was th e n  
re n d e re d  1,211 w ith  r e s p e c t  to  barium  h y d ro x id e  and r e f lu x e d  
f o r  20 hours»  th e  ammonia th u s  l i b e r a t e d  b e in g  oontinuoueX y 
a e r a te d  in  a  stream of ammonia - f r e o  n i t ro g e n  to  to  2 % b o r ic
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a e ic l. I t  was found ixacesaary t o  In o ro a sa  th e  c o n c e n tra tio n  
o f b a ry te  from 0.05H to  1.2M to  o b ta in  com plete  h y d ro ly s is»  
p o s s ib ly  because  the  c o n c e n tra tio r i o f  o i t r u l l i i i a  was very  
much low er than  in  the ex p erim en ts  of Hira & E i t te n b e rg ,
B efore E je ld a h l  d ig e s t io n  o f  th e  ox*ui th in e  r e s id u e  » th e  
barium  was removed by  précipitation w ith  su lp lm rio  a e id .
PraotlonatIon o f M yrioa g a le  nodu le  extracts.
In a preliminary expertoent an e x t r a c t  o f % r ie a  
nodu les was a n a ly se d  aa  d e s c r ib e d  above for A lnus e x t r a c t s ,  
b u t i t  was found that th e  q u a n t i ty  o f a sp a ra g in e  p re s e n t was 
such  t h a t  th e  r e s o lu t io n  o f  th e  column was reduced  and th e  
a sp a ra g in e  peak o v e rla p p ed  th o s e  o f  a s p a r t i c  ac id »  s e r in e  
and g lu ta m in e , E e s o lu tio n  cou ld  have been Improved by th e  
u se  o f  a l a r g e r  column» b u t the method s u f f e r s  from  a n o th e r  
d is a d v a n ta g e . U n like  alder» the My r ic a  e x t r a c t s  were shown 
by preliminary paper chromatography to  c o n ta in  some glufamine. 
Moore & S te in  (1954) found th a t  glutamine was to  a  la rg e  
e x te n t d e s tro y e d  (25# y ie ld )  u n d er their conditions o f  s e p a ra ­
t i o n ,  Hence f o r  Myrloa e x t r a c t s  an alternative mode of 
f r a c t i o n a t io n  was aought*
The a c id ic  amino a c id s»  a s p a r t i c  and glutaiB ic» were 
f i r s t  separated from  th e  n e u t r a l  and b a s ic  ones by a d s o rp tio n  
on a column o f  A m b arlita  %,R, 4B (80 x 0 ,9  cm .) u s in g  a  
m o d if ic a t io n  of the p rocedu re  o f  Eli*s» Moore & S te in  (1952).
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Tïid Golumxx was p re p a re d  us la g  a  ca lc ium  a c e t a t e  b u f f e r  im th cr 
th a n  an ammuimm b u f f e r .  I t  I s  c r i t i c a l  f o r  a s sa y  t h a t  
. th e  sam ples be im oontam inated  by o rd in a ry  am aonla. The u se  
o f an ammonium b u f fe r  would n o t  o n ly  d i l u t e  th e  f r e e  ammonia 
f r a c t i o n  b u t proved d i f f i c u l t  to  remove co m p le te ly  from  th e  
amino a c id  f r a c t i o n s . Calcium io n s  a r e  r e a d i ly  removed
from  th e  e f f lu e n t  a s  th e  o x a la te .  The aa.lciuin b u f f e r  cm-*- 
p loyed was 0.,03M w ith  r e s p e c t  to  ca lc iu m  and had a pîi o f  
4 .5 .  When th e  ch arg e  waa a p p l ie d  to  th e  column th e  n e u t r a l  
and b a s ic  amino a c id s  p assed  s t r a i g h t  th ro u g h ; a s p a r t i c  
and g lu ta m ic  a c id s  w ere r e ta in e d  and were m%bsequently 
s e p a ra te d  from  one a n o th e r  by g ra d ie n t  e l u t i o n .  The g ra d ie n t  
was o b ta in e d  by ru n n in g  norm al a c e t i c  a c id  in to  a  r e s e r v o i r  - 
o f  100 m l. c a p a c ity  I n i t i a l l y  charged  iv lth  th e  ca lc iu m  a c e t a t e  
b u f f e r  pH 4 .5  and stirred by a m agnetic  s t i r r e r .
The calcium present in  the fractions c o n ta in in g  th e  
n e u t r a l  and b a s ic  amino acids was removed as the o x a la te  and 
the r e s u l t i n g  s o lu t io n  c o n c e n tra te d  to  small b u lk . The pH 
o f t h i s  solution was adjusted t o  5 and i t  was th en  a p p l ie d  
to  a  s h o r t  column (15 x  0 ,9  cm. ) of Zeokarb BE6. A t t h i s  
pH on ly  tryptophan^ ammonia and tbs b a s ic  amino a c id s  were 
re ta in e d .. These were s e p a ra te d  u s in g  the b u f f e r  system  
d e s c r ib e d  by Moore & S te in  (1951).
The e a r ly  fractions from t h i s  column c o n ta in in g  g l u t -  
amine, a sp a ra g in e  and the n e u t r a l  amino a c id s  were bulked
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tGg^ 3ta%G3?. ln%fiTé%y la&a then swlcksd g&iiMS 3&
f i n a l  o o n o o n tra t iœ  o f  0*05r^  pq"and pH o f  6 ,5  and t l i is  m ix tu re  
b o a ted  fo r  tmo h o u rs  a t  100^0. i l i i s  tr e a tm e n t removes th e  
amide n i t ro g e n  from  g lu taa tin a  (F ac to r^  V lokery & LeavenworMa, 
1935)  ^ a s  ammonia. The s o lu t io n  was th e n  made a lk a l in e  w ith  
eodium h y d ro x id e  and th e  ammonia a e r a te d  in to  2^ b o r ic  a c id .  
D i f f i c u l t l e a  were^ how ever, en co u n te red  l a t e r  when t r y in g  to  
f r e e  t h i s  s o lu t io n  from  sodium  s a l t s .  In  su b seq u en t e x p e r i ­
m ents ; t h e r e f o r e ,  the  method was amended, by th e  u se  o f  c a l ­
cium 15y d ro x id e , th e  ca lc iu m  b e in g  r e a d i ly  rem ovable by p re ­
c i p i t a t i o n  as  th e  o x a la te .  A f te r  a e r a t io n  o f  th e  amraonia. 
th e  s o lu t io n  was n e u t r a l i s e d ,  made norm al w ith  r e s p e c t  to  
s u lp h u r ic  a c id  and r e f lu x e d  fo r  th roe  h o u rs  a t  100^C,
This p roced u re h y d ro ly 00a a sp a ra g in e  to  a s p a r t i c  a c id  and 
th e  p y rro lld o n a  o a r b o x y lic  a c id  form ed from  th e  g lu tam in e  to  
g lu tam ic  ac id*  The ammonia l i b e r a t e d  from  a sp a ra g in e  was 
a e r a te d  in to  b o r ic  a c id ,
The n e u t r a l  amino a c id s  to g e th e r  w ith  a s p a r t i c  and 
g lu tam ic  a c id s  o b ta in e d  from  the h y d ro ly s is  o f  a sp a ra g in e  
and g lu ta m in e  r e s p e c t iv e ly  ware f i n a l l y  s e p a ra te d  on a column 
o f Zeokarb 2S5* The te cW lq u a  a lre a d y  d e s c r ib e d  f o r  th e  
Alim s e x t r a c t s  was employed h e r e .  F ig u re  4 sum m arises th e  
f m o t io n a t io n  p ro ced u re  f o r  M yrlca e x t r a c t s .
The above method o f  f r a c t io n a t io n  a u o c e s e fa l ly  o v e r­
comes th e  d i f f i c u l t y  w hich a ro se  p re v io u s ly  due to  th e  
p r e se n c e  o f  g lu ta m in e  and th e  la r g e  q u a n t i ty  o f  a s p a r a g in e
f ig u ra  4 ,
F ra o t io n a t io i i  P rocedure f o r  i% rioa  g a le  e x t r a c t s
E x tr a c t
Amber 11 te  I . E, 4B,
:#*4lirrnnrR4TMRia*)^ wMf^ 6WW.W*Mx,k,f**$4MlWfW»«' ■ 4:M
n e u t r a l  & b a s ic  
amino a c id s  and 
amide a
g lu tam ic
a c id
a s p a r t i c
a c id
Beokarb 225- pE 5 .1
n e u t r a l  amino 
a c id s  and
am ides
1
3.¥yptoptosn
*'J(àJJiprt*J?*llJh:ÇlK>*.. ,<fM?7lj^ WtTF>re»fr-.3»* 1>—. » ' *WG* ?Knw <n
Ammonia T races o f
o th e r
b a s ic
amino
a c id s
H eat w ith  FO. b u f f e r ,  pH 6 ,5
^ ammonia from 
g lu tam in e
n% E . E^go,
> ammonia from  
a sp a ra g in e
n e u t r a l  amino a c id s  4^  
g lu ta m ic  & a s p a r t i c  a c id s  
from  t h e i r  r e s p e c t iv e  am ides
geokarb  B2Ô-, pE 5 J .
,&>6fVjt.rkkf.<A41wtow*AvWMB*^y«Swt*'n3i'-»i*- Jfla»«y.v ./kW^rvTlWff•>üMWA«fawfW <MiyM>SHj*
Y 1 1 I 1
A sp a r tic  Crlutamio ü ly c in e  A lan ine  V a lin e  y bu t y r i c  
a c id  a c id  a c id
in  the extraxvbs. However, i t  d id  p o s s e s s  one d isa d v a n ta g e .
In  p re lim in a ry  p a p e r  chrom atography o f  l y r i e a  e x t r a c t s  a  n in -  
î ï fd r in  p o s i t iv e  s p o t  mas d e te c te d  in  th e  a rg in in e  p o s i t i o n .  
When th e  ex tzm et was f r a c t i o n a te d  f i r s t  on Beokarb 825 
a rg in in e  was e lu te d  in  th e  ex p ec ted  p o s i t io n  in  the  e f f l u e n t  
cu rve to g e th e r  w ith  try p to p h a n . On u s in g  % e r e v is e d  
f r a e t l o n a t l o n  p ro c e d u re , how ever, a rg in in e  co u ld  n o t  be d e -  
t e c  te d  in  i t s  ex p ec ted  p o s i t io n  in  the  e f f l u e n t  from th e  s h o r t  
Beokarb column. I t  was l a t e r  d isc o v e re d  tlm t in  f a c t  th e  
a rg in in e  was b e in g  r e ta rd e d  on the â m b e r l l te  X.E.4B r e s in  
and was e v e n tu a l ly  b e in g  e lu te d  to g e th e r  w ith  th e  a s p a r t i c  
a c id .  I h i s  r e t a r d a t io n  o f  th e  a rg in in e  a p p e a rs  to  have 
been caused  by th e  fo r m a tio n  o f  a complex s a l t  between th e  
ca lc iu m  of th e  e l u t i n g  b u f fe r  and, the  guan id iiio  group of liie 
a r g in in e .
The f r a c t i o n s  from  the Ambe x d ite  colu im  c o n ta in in g
th e  a s p a r t i c  a c id  and a r g in in e  of E x t r a c t  2 w ere c o n c e n tra te d
to  sm a ll b u lk  and a p p lie d  to  a  s h o r t  column ( 1 x 7  cm .) o f
2ieokarb 2 2 5 , th e  pH h a v in g  been a d ju s te d  to  5 . 0 . U sin g  the
see-
p rocedu re o f  Hoora & S teim  (1951^|^pag® 87 ,  th e  a s p a r t ic  ■ a c id  
and the a r g in in e  were 0 lu te d  s e p a r a te ly .
P rep a ra tio n  o f  sam p les f o r  I s o to p ic  A n a ly s i s .
A ssay o f in  a  mass sp e c tro m e te r  r e q u i r e s  th e  
n i t ro g e n  sam ple to  be in  th e  form o f e lem en ta ry  n it r o g e n .
9 0 ,
'Bia compound to  be examined l a  f i r s t  c o n v e rte d  to  ammonia 
by th e  K je ld a h l p rocedure  and th en  to  n i t ro g e n  th e  
a c t io n  o f  a lk a l in e  Iiypobrom ite,
The c o n ta n ts  o f  th e  tab ea  c o rre sp o n d in g  to  a  g iven  
peak on th e  e f f l u e n t  cu rve  ware com bined, e v a p o ra te d  t o  
sm a ll b u lk  and s u b je c te d  to  K jeM ah l d ig e s t io n *  Using 
th e  m ercury c a t a l y s t  o f  H i l l e r , Plarisin & Van Slyke (1948), 
a  s ix  h o u r  d ig e s t io n  waa found m f f I c i o n t  to  remove su b ­
s ta n c e s  wMch m ight i n t e r f e r e  In  1 so to  p ic  a n a ly s is  (H it te n -  
b e rg , 1 9 4 6 ), The r e s u l t i n g  ammonia was d i s t i l l e d  In to  2p 
b o r ic  a c i d ,  t i t r a t e d  w ith  0*0M HCl, e v a p o ra te d  to  sm a ll 
b u lk  and s to r e d  f o r  a n a ly s i s  o f ,
In th e  f r a c t i o n a t i o n  o f th e  A lnus e x t r a c t s ,  th e  b a s ic  
amino a c id s ,  p a r t ic u la r ly  a r g in in e ,  h av in g  h ig h  r e t e n t io n  
v a lu es  on th e  Saokarb 225, emerge l a t e  from  th e  coluimi 
e lu te d  by b u f f e r  o f  vary h ig h  s a l t  o ont o n t .  Such f r a c t io n s  
a r e  ex trem ely  d i f f i c u l t  to  d ig e s t  by th e  above m eans. The 
s a l t  was removed from  th e  a r g in in e  c o n ta in in g  f r a c t i o n s  by 
ab so rb in g  th e  a rg in in -a  on a column o f  Beokarb 225 in  th e  
ammonium form . The column was th e n  washed w ith  0*011 
a c e t i c  a c id  to  remove th e  c i t r a t e  io n s  and the  a r g in in e  
f i n a l l y  l i b e r a t e d  w ith  0 ,051  ammonia. The ammonia was r e ­
moved b e fo re  K je ld a h l d ig e s t io n  by re p e a te d  e v a p o r a t io n s  In  
a vacuum d e a lo e a to r  a f t e r  th e  a d d i t io n  o f  e. sm all amount o f 
sodium h y d ro x id e .
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The f r e e  ammonia f r a c t io n  froim th e  coXiumi was rmde 
a lk a l in e  and th e  aimiomia a e r a te d  in t o  2 $  fo r m ic  a c id *
For e p e e tr o m e tr io  a s sa y  a  mlniimm sam ple o f  0*4 mgm* 
n itr o g e n  l a  req u ired *  Aa some o f  t l ie  oompomenta on sé p a r a -  
t l o n  d id  n o t  y i e l d  a s  much a s  th e  r e q u ir e d  amount waa
made up w ith  o r d in a r y  amuonlum su lp h a te^  and th e r é s u l t é
*1 %
o b ta in e d  e o r r e e te d  f o r  th e  d i lu t io n  o f  th e  , The m ax i-
mum d e v ia t io n  o b ta in e d  In  c o n t r o l  sam ple a due t o  e x p e r im e n ta l
1. %e r r o r  was 0*004 p er  c e n t ,  o v er  th e  norm al v a lu e*  Thus 
an atom  p e r e e n t .  ex eea a  o f  0*010 la  a lg n i f  lo a n t .
92,
R E S IT L T S.
IltpoSpnouB eonatltuem ts o f  M10  A id er nodule e x t r a e ta .
file a n a l j s ia  o f th e  e x tra c t  from one p a r t ic u la r  b a tch  
o f Ainu a, g lu tin o sa  nodules (Bîxtï^ct 1) la  shown in d e t a i l  
in  F igure 5# These nodales had been detached p r io r  to  ex­
posure to  excess and in  tills  c a se  nodules exposed on 
one p a r t ic u la r  day had a lso  been e x tra c te d  together*  The 
graph shows the d is t r ib u t io n  o f  comipounds absorb ing  u l t r a ­
v io le t  l i g h t  a t  8 #  am, and a lso  of m lnhydrln p o s it iv e  
c o n s titu e n t a ,
I t  la  c l e a r  t h a t  the  a id e r  e x t r a c t  c o n ta in s  many su b - 
s ta n c e s  w hich a b so rb  u l t r a - v i o l e t  l i g h t .  Borne compounds 
a re  p ro b ab ly  i n  th e  main p u r in e s  o r  p y r im id in e s  o r  t h e i r  
d e r iv a t iv e s #  The a b s o rp tio n  s p e c tr a  o f  th e s e  p e a k s , exam in­
ed o v e r  th e  ra n g e  BOO t o  300 p roved  uare-o .ogn isab le , ex ­
c e p t  th r e e  e a se s ,. The se ap p ea red  to  be hom ologous, 
peak A c o n ta in in g  u r id y l i e  a c id ,  B, c y tI d y l l e  a c id  and 0 
g a a n j i lo  a c id  o r  d e r iv a t iv e s  o f th e s e  s u b s ta n c e s , The r e -  
mainimg peaks in  th e  a f f l u e n t  cu rve  ap p ea red  to  r e p r e s e n t  
e i t h e r  m ix tu re s  o f  u l t r a - v i o l e t  a b so rb in g  compouMa o r  may­
be more complex compaimds whose a b s o rp tio n  s p e c tr a  a re  a t i l l  
unknown, The e x t in c t io n  v a lu e s  o b ta in e d  f o r  th e se  compounds 
su g g e s te d , how ever, t h a t  th e re  was n o t  s u f f i c i e n t  m a te r ia l  
p r e s e n t  f o r  I s o  to p ic  a s s a y , w h ile  th e  com plex n a tu re  o f  the
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r e s u l t s  a l s o  S iid ioa tad  t h a t  a g r e a t  d e a l  o f  mork would be 
e n ta ile d , i n  t h e i r  s e p a r a t io n  and i d a n t i f l e a t l o n *  lïœc© no
f u r th e r  work was expended  on th e s e  eompounde.
On l i r a s t i g a t i o n  o f  th e  n in l i jd r in  p o s i t i v e  peaks  
e lu te d  from  th e  colum n; i t  waa found t h a t  In a d d it io n  to  f r e e  
arcl.no a c id s  the  e x t r a c t  a l s o  c o n ta in e d  a  number o f  p e p t id e s .  
Moore & S t ©in (1954) r e p o r te d  t lm t ;  a  a w e ll  a s  amino a c id s ,  
a im 'll p e p t id e s  co u ld  p a ss  th ro u g h  bowox 50  rea lm  and # m s  be  
s e p a ra te d  on th e  same p r in c ip le  a s  th e  am ino a c id s  th e m se lv e s . 
Those p re s e n t  In  l a r g e s t  amount were m o stly  c o n c e n tra te d  in  
th e  e a r ly  f r a c t io n s  around  and in  a few c a se s  a lm o s t oom** 
p l e t e ly  o b sc u r in g  th e  a s p a r t i c  a c id  p ea k . As th ey  were 
e lu te d  from  th e  column in  t h i s  p o s i t io n  th e se  p e p t id e s  pr€^- 
sum ably b ore  an o v e r a l l  n e g a t iv e  ch arg e  due to  th e  predom in­
ance o f  d le a rb o x y lio  amino a c id  r e s id u e s .  There was in -  
s u f f i c i e n t  m a te r ia l  f o r  co m p le te  c h a r a c t e r is a t  1 cm of th e s e  
p e p t id e s ,  but p ap e r chrom atography showed th a t  .a f te r  a c id  
h y d r o ly s is  a l l  y i e ld e d  a s p a r t i c  and g lu ta m ic  a  o ld s ,  a la n in e , 
s e r in e  and g ly c in e .  O thers co n ta in e d  in  a d d i t io n  th re o n in e  
o r  a  b a s ic  amino a c id ,  e i t h e r  o m lt i i ln e  or l y s in e .  O ther 
sim p le  p e p tid e s  .con ta in ing  a  p rep o n d eran ce  o f  b a s ic  amino 
a c id  re s id u e s  and hence b e a r in g  a  more p o s i t i v e  ch arg e  were 
found In  s m a lle r  am ounts i n  l a t e r  f r a c t i o n s ,  Two o f  th e se  
p e p t id e s  a re  o f  p a r t l a u l a r  i n t e r e s t .  One, w h ich  appeared  a s  
a sp ik e  in  th e  c y s t in e  peak in  E x tr a c t  1 (F ig u re  6 ) ,  y ie ld e d
on h y to o ly a ia  g lu tam ic  aa ic l, o m i t h l n e ,  o l t r u l l l n e , 
h y d r o :^ p r o lin e , and an unknown s p o t  n e a r  th e  v a l in e  p o s i t io n  
on a two d im eiia lonal chroma togœ m . H ith e r to  o l t r u l l i n e  has  
n o t b een  en c o u n te re d  in  combined f o m  in  th e  t i s s u e s  o f  
h ig h e r  p la n ts . ,  a lth o u g h  Sm ith & Young (1955) d e te c te d  i t  in  
th e  p r o te in  f r a c t i o n  o f  th e  a lg a  Ohpndrus o r ls p u s .  The o th e r  
p e p tid e  o f  I n t e r e s t  o c c u rre d  a s  a sm a ll peak  im m ediate ly  p re ­
ced in g  le u c in e  in  E xperim ents 4 and 5* These f r a c t i o n s  a l s o  
c o n ta in e d  u l t r a - v i o l e t  a b so rb in g  m a te r ia l  and  i t  was only  
a f t e r  h y d ro ly s is  th a t  i t  was p o s s ib le  t o  s e p a ra te  th e  p e p tid e  
m a te r ia l  from  th a t  a b so rb in g  u l t r a - v i o l e t  l i g h t ,  on a p a p e r  
chro im togrem * I t  tim e  ap p ea re d  th a t  th e  u l t r a - v i o l e t  a b s o rb -  
to g  compound was l in k e d  to  th e  p e p tid e  m a te r i a l .  Such com- 
pounds a r e  known to  o cc u r  to  b a c te r ia  a lth o u g h  t h e i r  fu n c tio n  
Ima n o t y e t  been  e lu c id a te d  (P a rk , 195 8 ), From s p e c t r a l  
a n a ly s i s  and chrom atograph ic  ev id en ce  th e  u l t r a - v i o l e t  
m a te r ia l  was s u s p e c te d  to  be a  u r id in e  d e r i v a t i v e ,  w h ile  th e  
p e p tid e  f r a c t i o n  a f t e r  h y d r o ly s is  y ie ld e d  g lu ta m ic  a c id ,  
g ly c in e ,  s e r i n e ,  a l a n in e ,  v a l in e  and l y s i n e .  However, owing 
to  the s m a ll q u a n t ity  o f  m a te r ia l  a v a i l a b l e ,  a  t o l l e r  
c h a r a o t e r is a t lo n  was n o t p o s s ib le  and f u r th e r  work ia  d es irab l<  
The f r e e  amino a c id  co m p o sitio n  o f  th e  a ld e r  e x t r a c t s  
I s  g iv e n  in  Table 11. The e x t r a c t s  from  n o d u le s  exposed i u  
Septem ber 1955 c o n s is te d  m ain ly  o f  o i t r u l l i n e ,  g lu tam ic  a c i d ,  
y -am ino b u ty r ic  a c id  and a rg in in e  in  d e sc e n d in g  o rd e r  o f
Table 1 1 .
Amlno mold oom positlon  o f e x t r a c t s  o f  a ld e r  n o d u les
s u l t a  a r e  expraasocl in  te rm s o f  mgm, n i t ro g e n  p e r  100 
f r o  ah w e ig h t of nodule  a m te r ia l*  A claali ( - )  in d ic a te s  
that th e re  was I n s u f f i c i e n t  m a te r ia l  f o r  co n firm a tio n  and 
(4 ) indicates that th e  amino a c id  was shown to  be p r e s e n t  
h u t th e  amount was n o t  e s tim a ted *
Extract So.
E xposure Type
^ r a t i o n  o f  exp osu re  
to 15l (minutes)
Aspartic Acid
Glutami c A el d
Oitrallim)
Valine 
C y stin e
laoleucine 
L auctoe 
T yrosine 
Phenyl A Ian toe
Butyric Acid 
Ammonia
Ornithine 
Lysine 
histidine
D D
Æ1 2 5
T A
5
1)
GO 180 180
0 ,84
4,. 65 
5 5 ,0
0*27
0 ,7 0
0*10
0 ,2 7
0 .1 8
1 .15
-2 ,3 G
0 ,7 0  
1 ,7 0
4 - « VJ/w*
1 ,54
6 .60
1*71
1 7 .2 0
0*21
0 .09
0 .0 8
]• --0 .4 7
O.Sl
a .17
0 ,6 7
0 ,3 1
0 .6 3
1 - 4 .8 2
0 .70
0 .5 8
0 .4 9
1 .82
9 .0 5
0 .0 5
0 .06
0 .13
0 .1 7
0 .1 8
1 .8 4
3 .0 4
0 .0 6
4"
1 .9 0
6 .6 4
1 .1 9
0 .8 0
0.20
0 .2 4
0 .2 5
A rg in in e 4* *h .5 2 3.Ï, 1*18
:o Indicates the nodules were detached p r io r  to
exposure to  w h ile  A indicates t h a t  the n o d u le s  were
s t i l l  a t ta c h e d  to  the p la n t  a when exposed  to
a s p a r t i c  a c id  fractions w are s ll# it ly  co n tam in a ted  
w ith  peptides.
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m agn itu d e, S m alle r amounts o f  v a r io u s  o th e r  amino a c id s  
and of amiiionia. were a l s o  p r e s e n t .  In a cco rd an ce  w ith  the  
r e s u l t s  o f  M ie ttin a n  & V lrtam en (1952) no g lu tam in e  o r  
a sp a r a g in e  was d e t e c t e d  in  th e  a ld e r  n odu le  e x t r a c t s , How­
e v e r  ; a  n o ta b le  v a r ia t io n  betw een e x t r a c t s  from  d i f f e r e n t  
b a tc h e s  of n o d u le s  was o b ta in e d  in  r e s p e c t  o f  th e a b s o lu te  
amoimts of th e  v a r io u s  amino a c id s  and h en ce o f  th e  t o t a l  
amino a c id  co n ten t*  T his v a r ia t io n  i a  p a r t ic u la r ly  obvious 
in. th e  case  o f  c l t r u l l l n e  where r e s u l t s  range from 6 to  55 mgm. 
o l t r u l l l n e  n itr o g e n  per 100 gm* f r e s h  n o d u le s  in  sam p les  
c o l le c te d  w ith Jn  a few  days in  SoptaKt?er, M iettinon. & 
V lrta n en  (1952) found th a t  a s  w in te r  approached  and  th e  
a id e r  p la n ts  began to  sh ed  t h e ir  l e a v e s ,  th e  c o n c e n tra tio n  o f  
c l t r u l l l n e  r o s e  r a p id ly  in  th e  nodulee., to  f a l l  ag a in  in  th e  
s p r in g ,  when liie p la n t  became a c t iv e  once more* A c tu a l 
v a lu e s  o b ta in e d  by t h e s e  w orkers e x p r e s se d  In  the  aaim t e m s  
a s  above were 12 , 18 and 120 mgm# c i tT O ll in e  .n itro g en  f o r  
nodu le  a c o l l e c t e d  In  May, June and J a m a r j  r e  s p e o t lv e ly . I t  
seems t h a t  even e a r ly  in  September th e  a ld e r s  in  Glasgow were 
p re p a r in g  f o r  th e  w in te r  dormancy* T his m ight n o t a f f e c t  
a l l  th e  p la n ts  a t  th e  s&xae tim e  hence g iv in g  r i s e  to  th e  
v a r ia t io n s  betw een  e x tra c ts *  C e r ta in ly ,  s in c e  th e  a ld e r s  
were a l l  from  a p p a re n t ly  u n iform  p la n te  and a l l  e x t r a c t io n s  
w ere e f f e c te d  in  e x a c t ly  th e  same w ay, th e  v a r i a t io n  in  amino
96 .
a c id  c o n te n t m nst be clue e i t h e r  to  pliyB ioX ogieal d l f  fa  ra n e e s  
in  th e  p la n ts  them selves o r  to d i f f e r e n c e s  in  w ea th e r con- 
c l i t im a  vh loh  co u ld  g iv e  r i s e  to v a r ia t io n  i a  ty p e  o f  
m etabolisB i from day to  day . T h e .e x tra c t  p re p a re d  from 
n o d u les  exposed in  A ugust 1956; one m onth e a r l i e r  th a n  in  
th e  p re v io u s  y e a r ,  showed a  low o i t r a l l i n e  c o n te n t aa would 
be ex p ec ted  u n d er summer c o n d itio n s^  In  o t t e r  %mjB t h i s  
extr^aot was s im i la r  to  th o se  o f  the  p re v io u s  y e a r .  To 
e lu c id a te  th e s e  f lu o tu a t io n a  in  th e  o l t r u l l l n e  c o n te n t o f  
th e  n o d u le s  p ro p e r ly ,  how ever, an e n t i r e l y  d i f f e r e n t  ty p e  o f  
experim en t would be  n e o e a sa ry .
The q u a l i t a t i v e  ex sra in a tio n  o f  Ainu a ru b ra  n odu les  
inclio.at©d t h a t  c i t r u l l i n e  was ag a in  th e  p redom inan t f r e e  
amino a c id .  The d i s t r i b u t i o n  o f o th e r  amino a c id s  was a l s o  
found to  be s im i la r  to  th a t  o f  Almis jcX u tin o sa . The r e s u l t s  
a re  re c o rd e d  in  Table 12.
1 K
h is  t r ib u  tio n  o f f ix e d  H in  Alnue ^L u tin o aa  nodule a .
I t  was o r ig in a l ly  In ten d ed  to  p oo l co r r e s  pond Ing  
f r a c t i o n s  from  d i f f e r e n t  e x t r a c t s  to  p ro v id e  s u f f i c i e n t  
n i t ro g e n  f o r  a s s a y  o f  a s  many c o n s t i tu a n ts  a s  p o s s ib l e .
how ever, because  of th e  v a r ia t io n  In  th e  com position  o f  d i f f e r ­
e n t  e x t r a c t s ,  i t  was th o u g h t b e s t  to have s e p a ra te  a s s a y s .
This reduced  th e  number o f  f r a c t io n s  a v a i l a b l e  f o r  a s s a y .
The d i s t r i b u t i o n  o f among the  compounds s e p a ra te d
Table 18,
Comparison o f  th e  F ree  Amino A cid C om position o f  th e  
nodu le  a o f  some non-Leguminous P la n ts .  Tim no d u les  
were p ick ed  in  l a t e  im guat -  e a r ly  Sep tombai’»,.
A lnus Almis I ty r ic a  
g lu tin o a a f  ru b ra  g a le
H ippophai
xiiaim oides
Wf*" *W4'«r4 Î4 r-4^ j»iiTiP6Fa M  **►• t
C aspar
w-ns* TUF^
ilia
*flt«rWW6lmm
A s p a r t ic  A cid 0 ^ 4 9 "I* 2*38 ! 4* - 4
G lutam ic A cid 1 . 3 2 6*16 4 4 ' 4 4 '
A sparag ine 16*80 4 4 ’ •'5“4 *
G lutam ine 2 ,8 0 4 4 ’ 4'4"^I*'
G i t r a l l in e 9 .0 5 — —
S e rin e — 4 * —
G lycine — 4 ' !^  0 * 1 2  :
T hreonine 4- 4-
A lan ine ■4‘ 1*12 «■f<4 4 4 "
V alin e 0 ,0 5 '4* 0*25 4 4 -
B u ty r ic  A cid i 1 , 3 4 4 " 2*16 4^ +
H is t id in e 4" 0*25 4’4' 4 -
% 's ln e 0*12 H» —
O rn ith in e 0 .0 6 —
A rg in in e  i 3 .5 2 '4* 1 4- 4 ‘
Leucine 0*17 4* 1 0*42 I 4 -
Ify p to p h an
■
4^
filiera a  q u a n t i t a t iv e  ex am in a tio n  Ima been  made the  f ig u r e s  
r e p re s e n t  mgm, n i t ro g e n  p e r  .100 gm* f r e s h  wt* n o d u le s .
Where o n ly  q u a l i t a t i v e  paper ch rom atograph ic  in v e s t ig a t io n s  
have been c a r r ie d  o u t ,  th e  concent r a t io n  a o f th e  amino a c id s  
have been In d ic a te d  by -h- and 4-44- .according to  the  f a i n t ,  
m oderate o r h ig h  tvolour I n te n s i ty  o f  th e  n ln h y d r ln  s p o ts  on 
th e  chrom atogram s * The co lo u r i n t e n s i t y  ia  a  tone t io n  o f 
th e  o one ©nt r a  t  i  o n ,
C * oumi togh0Xiilaii.a <Biii*îStw«rfKîW=i'CTpewimïTi#iWfceAw*iAV»=»i*^ >^ ^
9 7 .
:1b Bbmm In  Table 13 . A lthough  f ix a t io n  f a l l s  o f f  a f t e r  
âetaohm ent o f  th e  n o d u le  from  the  p la n t  (Bond, 1967b), and 
c lo sp ite  th e  ex p o su re  p e r io d  f o r  th e  d e ta c h e d  n o d u le s  b e in g  
iwx0h  s h o r t e r  tlmm t h a t  f o r  th e  a t ta c h e d  one a», i t  i s  th e  
d e ta c h e d  n o d a l# a  w hich c o n ta in  th e  g r e a t e s t  enriclm m m t o f  
n i t ro g e n  f ix e d  i n  m odules w hich a r e  a t ta c h e d  to  
th e  p la n t  i s  q u ic k ly  t r a n s lo c a te d  to  the  sh o o t (Bond, 1966). 
Wlien th e  n o d d le s  a r e  d e ta c h e d , how ever, no  t r a n a lo o a t lo n  i s  
p o s s ib le  and hence the n i t r o g e n  f ix e d  accu m u la te s  in  th e  
eompouMe o f  the  c e l ls *  Detachment a l s o  c u t s  o f f  th e  n o d u le s
eou ree  o f  eaxtoollydratea* However, o v e r  one and a  h a l f  h o u r s ,
th e  lo n g e s t  exposure p e r io d  employed» t h i s  does n o t  ap p e a r 
t o  have  p roduced  any marked e f f e c t .  The d i s  t r ib u  Mon o f  
shows a  s im i la r  p a t t e r n  w h eth er th e  m odules w ere a t ta c h e d  to  
o r  d e tach ed  from  th e  p la n t  d u rin g  exposure^
Of th e  f r a c t i o n s  a n a ly se d  th e  h ig h e s t  c o n c e n tr a t lo n a  
o f w ere t o  be found In  th e  f r e e  amino a c i d s ,  th e  u l t r a ­
v i o l e t  a b so r b in g  compounds and the  p e p t id e s  b o th  show ing a  
lo w e r enrlehm em t. Ilk each  b a tc h  o f  n o d u le s  e x t r a c te d  
g lu tam ic  a c id  showed th e  g r e a t e s t  o v e r a l l  en rich m en t w ith
I t  alw ays exceeded Itia t o f  th e f r e e  ammonia* O ther
*1 n
amino a c id s  show ing a p p re c ia b le  1 en rich m en t were c l t r u l l l n e
a s p a r t i c  aeici, and amlmo b u ty r ic  m old. I t  sh o u ld  be n o te d  
t h a t  a l th o u g h  f r a c t i o n s  eon t a  M ing  mmlmo a c id s  sometimes 
a l s o  c o n ta in e d  subatim cea  a b so rb in g  u l t r a - v i o l e t  l ig h t , -  t h i s
%bl0 13
t r i b u  t i e n  o f  exoasa f r e e  to  th e  o o B stltu en tB  o f 
nodu le  e x t r a c t s  o f  A lnus g lu t to o s a .
R e su lts  a r e  g iven  a s  atom p e r  cen t*  exeaae o v e r  th e  norm al
v a lu e  (0*376 atom p e r  oent*  ) *
E x t r a c t  Hb«
'vnfX%C-»K**P3W'4MW%)t»1,Wkrj9W
W te  o f  E xposure
'îi*
Type o f  E xposure
P er io d  o f  E xposure  
(m toa)
P e p tid e s
1 2 3
1958
D
90
I CW.mfMyg*'
O.Bl
0 ,5 9  
1 .0 6
1955 1965
D
90
iJ™¥ A baorbtog 
GoBspouads
0 ,9 1 0
1 .0 0 0
0 ,5 9 0
A
180
0 .0 9
0 .1 8
4
«&»«*: LMKi; 1 JA46Wl#:,*.»W»ÿfA**ÿl#4WKk(*Ar?t*
IWaMaLAMÆfWf.etfCH*:#!*
0 .2 0 8
0*980 0 .4 5 0
0*8701 0*241
A8p a r t i e  â o ld  
G lutam ic A cid 
C itT O llto e  
Y"HI%-Batyrio A eld 
A rg liito e  
Anmonla
0 ,6 6 0  0 .5 4 8 0 .1 7 6
0 .0 1 4
1965
A
3B0
0 .0 8  
0 .0 6
0 * ^ 7  
0*348
0 .0 1 8
S o
1956
D
50
1957
D
30
0 ,
0 ,5 9 1
0 .0 9 0
0 .0 6 1
0.8601 0 .1 6 (
0 .1 7 9
0 .018]
0 .1 8 7  0.04C
4$, 1 aA w n o d u le s  a t ta c h e d  t© p la n t  d arin g  ex p o su re  to
I) -  n o d u le s  d e ta ch ed  from  p la n t  p r io r  t o  exp osu re t o  '^%
98*
e o n ta B iim tio ii was I n s u f f l e  l e n t  to  a f f e c t  th e  la  o to p ic  
a n a l y s i s * For exam ple, th e  s a b s ta a c e  o v e rla p p in g  th e  
g lu tam ic  a c id  peak (F ig u re  5 )  im s  assum ed to  b e g a a a y l ic  
a c id  on th e  b a s i s  o f  a p e c tro se o p ie  evidence* I f  t h i s  i s  
SO- #1$ r a t i o  ©f g u a a j l ic  acicl n i t r o g e n  to  g lu ta m ic  m eld 
n i t r o g e n  i s  on ly  li40D«
G lt r u l l in e  waa alw ays found to  h ave  a  c o n s id é ra b le  
In  one ca se  (E x tra c t  2 ) , even ap p ro ach in g  th a t  o f 
g lu tam ic  a c id *  As n o te d  a l r e a d y ,  in  th e  summer m onths, 
when th e  modules a re  moat a c t iv e  in  f i x a t i o n ,  th e  G i t r a l l in e  
c o n te n t o f the  n o d u le s  i s  low. I t  i e  I n t e r e s t in g  th a t  in  
E x tr a c t  2 th e  c o n c e n tr e t lo n  o f  e i t r a l l l n e  l a  th e  lo w e s t ro«  ^
co rd ed  in  Table .11* As a lre a d y  memtdomed, th e  o i t r a i l i n e  
peak te n d s  to  o v e r la p  th e  sm a ll g ly c in e  and a la n in e  p e a k s | 
a  cheek  was th e r e f o r e  made to  a s c e r t a i n  i f  t h i s  in  any way 
a f f e c t e d  th e  v a lu e  reco rd ed  f o r  c i  t  m l  l in e *  The tu b e s
com t a in  img th e  d t r a l l i n e  from  th e  co lu im  w ere arran ged  in to  ■ 
groups b e fo re  E jeM m hl d ig e s t io n  and a n a ly se d  s e p a r a t e ly  fo r  
No s lg m if le a n t  d i f f e r e n c e s  were o b ta in e d ,  show ing th a t  
th e  q u a n t i t i e s  o f  g ly c in e  and a la n in e  p r e s e n t  were i n s u f f i c ­
i e n t  to  a f f e c t  v a l i d i t y  o f  th e  *^ "^ 1 a s sa y  f o r  o l t r u l l i n e *
The c l t r u l l i n e  m o le c u le  co n ta in ed  o o n a ld e m b le  e x c e s s
IS If and as I t  a l s o  c o n ta in e th r e e  n itr o g e n  atom s p er  m o le c u le , 
i t  was o f  I n t e r e s t  to  exam ine th e  d i s t r ib u t io n  o f  th e
tto o u g h o u t th e  m o lec u le  * A p o r t io n  o f  t h e  e l t r a lX in e  
sam p les wae thus d egrad ed  to  o r n ith in e  and ammonia aa
fatol© 14.
Distribution of In eitralllne .fjxsm Alnus glutinoaa
m odules exposed to
R e s u lts  a r e  g iv e n  a s  atom per c e n t . e x o e a s  o v e r  th e  norm al 
v a lu e  (0*676 atom p ar eent. ) *
E x tr a c t  MO:* 1 4  5  '
E xposure %rpe I A I D :
Ik r a t  Ion  o f  i ,
exp o su re  to  If j 100 j 6 0
(mine * )
O lt r a l l in e  t o t a l ,  found
** , c a lc
Oarbamyl n itr o g e n  
O rn ith in e  n itr o g e n
0 .S 4S  1 0 ,1 7 9
0 .8 8 4 0 .1 8 1
0..578 j 0 .S 9 0
0 .1 9 7 0 ,0 7 6
n o d u le s  .a tte ch ed  to  p la n t  d u r in g  ex p o su re  to  
e x c e ss  f r e e 15m
D modules d e tach ed  from  p la n t  p r i o r  to  exposure  
t o
d e s c r ib e d  In "Mei±iod8^% T w  maae e p e c tr o m e tr ie  r é s u l t a  
p r e s e n te d  In  T able 14 show t h a t  th e  ammonia n itr o g e n  d e ­
r iv e d  from  th e  earbmmyl grou p in g  o f  o l t m l l t o o  was zmoh 
more h ig h ly  l a b e l l e d  th an  th e  o r n ith in e  n itr o g e n s *  A com- 
p a r ia o n  o f  T àblea  13 end 14 r e v e a ls  th e  i n t e r e s t i n g  t o o t  
t h a t  th e  a a rb a m jl n i t r o g e n  o f e i tn i lX i i ie  a o n ta iiia  t h e  h i^ i-*  
e a t  o o n c e n tr a t lo n  o f  e x c e e d in g  even  t h a t  o f  g lu tm a le
ac M  *
From th e  d a ta  a v a i la b le  f o r  E x tr a c t  4 i t  emerge a 
t h a t  6 0 -7 0  p e r  oemt o f  th e  ezoeam p re a a n t In  th e  e x t r a c t  
i a  aoooim ted  f o r  b y  th e  f r a c t io n s  alioim i n  T able 15 s u b je c t  
t o  an a d d i t io n  c a lc u la t e d  from  o th e r  E x tr a c ts  f o r  ^ -am ino  
b u ty r ic  a c id  and m m onia* I t  i s  presum ed t h a t  th e r e  was 
a  s im i la r  re c o v e ry  in  th e  o th e r  e x tra o ta *
_gal@ _ a .#  ftteheg non~:iefi^a©
noâuÎQ e x t r a c t 8 ..
'"^rrlca g a le  a o â u ls s  im re e sa iiln e d  vjifch a  v iew  to  sub-
seq u en t i s o to p ie  I n v e s t ig a t io n  and r e s u l t s  a r e  th u s  q u a n ti­
t a t i v e  In  n a t u r e , and In  t h i s  sen se  can be eom pared w ith  
th o s e  o f  A lm a  g lu t ln o sa* As th e  ia o t o p le  d a ta  o b ta in e d  
from  th e  a l d e r  ex p er im en ts  in d ic a te d  t h a t  i t  ia  in  th e  f r e e  
amino a c id s  t h a t  th e  p r iim ry  p ro d u cts  o f f i x a t i o n  a r e  to be  
f m n d ,  o n ly  mlmhydrln p o s i t i v e  su b s ta n c e s  from  Ifyrioa e x tra c ts  
were in v e s t ig a te d *
100.
¥ e r j  l i t t l e  p e p tid e  m a te r ia l  waa d e te c te d  i n  th e  ex - 
t r e e  ta*  T his may have been  due to  th e  d i f f e r e n t  mode o f 
f r a c t i o n a t io n  employed fo r  M yrica o r  th e r e  may Indeed  have 
been mueli l e e s  i n  th e  e x t  m o t .  The p re lim in a ry  f r a c t i o n a ­
t io n  on a Zeolcarb BBS column a s  f o r  A ln u e , how ever, a ls o  
I n d ic a te d  the  -absence o f  p e p t id e  m a te r ia l ,  %vhlle th e  f r e e  
amino a c id s  and am ides e x t ra c te d  aeco u n ted  fo r  65/i o f  th e  
t o t a l  n i t r o g e n  e x tra c te d *  In  th e  a ld e r  n o d u le s  f r e e  amino 
a c id s  acco u n ted  f o r  o n ly  B0$ o f  toe  t o t a l  e x t r a c te d  n i t r o g e n .  
The r e s u l t s  f o r  a  ty p ic a l  % yrioa n o d u le  e x t r a c t  a r e  g iv en  in  
Table IB , and T able 15 re c o rd s  th e  co m p o s it io n  o f  th e  n o d u le s  
w hich had been  exposed to  -excess f r e e  f o r  v a ry in g  p e r io d s .
In e a c h  c a se  th e  e x t r a c t  n i t ro g e n  c o n ta to e d  15 to  20 
p er c e n t  of th e  t o t a l  nodal© n itro g e n *  A sp arag in e  a lo n e  
acco u n ted  f o r  27 to  30# o f th e  t o t a l  n i t r o g e n  o f  the e x t r a c t .  
T ryp tophan , g lu ta m ic  and a s p a r t ic  a c id s  and ammonia were 
a l s o  p r e se n t  in  c o n s id e r a b le  q u a n t i ty  t o g e t h e r  w ith  sm a lle r  
amounts o f  g lu ta m in e , a r g in in e , y  -amino- b u ty r ic  a c id ,  a la n in e  
g ly c in e ,  l e u c i n e , and v a l in e .  l o  © i t m l l ln e  was d e te c te d  i n  
Myrica. n o d u le s .
l o  g r e a t  v a r ia t io n  in  th e  com position  o f  th e  e x t r a c t s ,  
a s  was en co u n tered  w ith  th e  a id e r  m a te r ia l . ,  was e v id e n t w ith  
M yrica, The p a t t e r n  o f  f r e e  amino a c id s  was v e ry  s im i la r  in  
a l l  e x tim c ts  exam ined , The l e a  n o d u le s  w ere h a rv e s te d  a t  
th e  b e g in n in g  o f A u g u st , 1956, and th u s  e a r l i e r  in  th e  y e a r
Table 15*
Amina âc lc l Com position o f E x tm p ts  o f  % r lo a  g a le  
modules p r e v lm s ly  exposed to ax ceas
The r e s u l t s  a r e  a zp raa aad  In mgm* n i t ro g e n  p er  
100 gm* f r e s h  w eigh t of n o d u le s .
E x tr a c t  l o . 2 3
E xposure to
(m lm te a  )
ISO
«MAM#"/' T h  arrp» rw # ' f  t'l** # (I ' m 
60
gjtnTUi-w wm.a*M#owrwaa,a*a»^LBM"AWJT«f*f ’ww*!
45
A s p a r t ic  A c id S 5 .© t 5 .5 18,6*^
G lutam ic A o ld 6 .S 6 .4 5 .6
A sp arag in e 1 8 .9 8 7 .5 1 8 .7
G lutam ine 8 .9 8 ,8  i 2 .6
G ly c in e 4- 0 .6 4-
A la n in e 0 .5 1 .5 1 .3
¥ a l in a + 0 .4 0 .4
Y -EEg b u ty r ic  a e id •3- 8 ,3 8 .8
T ryptophan 8 .6 3 .0 6 . 6
A rg in in e i ^ - 4 - 3 .9 -^4.
Ammonia 0 , 5 5 .0 3 .5
Eo u t r a i  amino molds n o t  r e t r i e v e d ,
t  A a p a rtlo  a c id  f r a e t io n a  com taîiîtoated w lto  a r g in in e ,  
(4 ) in d ie a te s  th a t  th e  amino a e id  was shown to  he 
p r e s e n t  in  t r a e e a ,  h u t th e  amount was n o t e s t im a te d .
101,
th a n  th o se  o f  4Xn:as, At t h i s  tim e o f th e  y e a r  th e  p la n ts  
would 1)0 v e ry  a c t iv e  i a  f i x a t i o n  and th e r e  would be le a a  
l ik e l ih o o d  o f  v a r i a t io n  betw een n o d u le s  e x t r a c te d  w ith in  a 
few d ays of each  o th e r ,
The y i e l d s  o f  g lu ta m ic  a c id  and ammonia o b ta in e d  from  
th e  h y d r o ly s i s  o f  g lu tam in e  ag reed  c lo s e ly  w ith  th e  t h e o r e t i ­
c a l  e x p e c ta tio n »  in d ic a t in g  th a t  th e  tr e a tm e n t a p p l ie d  was 
n o t  l i b e r a t in g  any ammonia by th e  h y d ro ly s is  o f  o th e r  com­
pounds o r  o f  g lu tam in e  in  p e p tid e  m a te r ia l*  A s im i l a r  
s i t u a t i o n  was en co u n te red  w ith  a s p a ra g in e .
In  E x t r a c t  1 (T able 15) a  l a r g e  p r o p o r tio n  o f  th e  
n e u t r a l  am ino a c id s  was l o s t  owing to the a d d i t io n  o f  la rg e  
q u a n t i t i e s  o f  sodium  h y d ro x id e  a t  v a r i a i s  s ta g e s  in  th e  
f r a c t i o n a t i o n  p rocedm re, Aa m entioned  p re v io u s ly »  th e  r e ­
moval o f  t h i s  sodium on Bov^ex 2 p r i o r  t o  th e  f i n a l  s ta g e  of 
f r a c t i o n a t i o n  le d  to  a  c o n s id e ra b le  l o s s  o f  th e  n e u t r a l  
amino a c id s .  In  E x tra c t  a 2 end 3 c a lc iu m  h y d ro x id e  was sub ­
s t i t u t e d  f o r  th e  sodium  and th e  n e u t r a l  amino a c id s  re c o v e re d , 
The r e s u l t s  o f  th e q u a l i t a t i v e  paper o h ro m a to g ra p h lca l  
exam in a tio n  o f  e x t r a c t s  o f  H inpophaë and O asuarina
cg i^ n g h m m im a  a re  d e t a i l e d  in  T ab le  12 , In  Hippophaë a s  
in  l y r i c a  a sp a ra g in e  p redom inated  w hile, in  C asu arin a  p ;lu t--**«ïMîSTO«J*K*WVieïteW» ^
amine was dom inan t, The d i s t r i b u t i o n  o f  o th e r  amino a c id s  
in  th e  n o d u le s  o f  ‘b o th  th e s e  p la n ta  was found v e ry  a lm l la r  
to  t h a t  o f  î # r i c a  a p a r t  from  the  f a c t  t h a t  no try p to p h a n  was 
d e te c te d .
102.
The d i s t r i b u t i o n  o f  among the compounds s e p a ra te d
from  th e  My r l e a  e x t r a o te  i s  g iv en  i n  Table 16* E x tra c t  2
ISwas found to  e o n ta iu  BB p e r  oemt o f  the  t o t a l  M f ix e d  by 
th e  modules» % #ll0 E x t r a c t  3» p rep a red  from  m odules g iv en  
a  s h o r te r  exposu re  to  th e  la o to p e  » c o n ta in e d  89 p e r  e e n t o f 
th e  t o t a l  f ix e d  ,
Im e a c h  b a tc h  of modules e x tra c te d »  the  amide group 
o f g lu tam in e  was found to c o n ta in  th e  h ig h e s t  c o n c e n tra tio n  
o f  A sp arag in e  in  i t  a amid© group» g lu tam ic  a c id  and
th e  f r e e  ammonia showed 8om e#m t low er b u t  s u b a ta n t l a l  en ­
richm en ts»  w h ile  tiy p to p h a n  and a la n in e  a l s o  c o n ta in e d  
IBa p p re c ia b le  1 ,  The f r e e  ammonia was n e v e r  found t o  c o n ta in  
a g r e a te r  en richm ent th an  d id  th e  g lu ta m in e , b u t in  E x tr a c t  2 
i t  d id  exceed  t h a t  o f  th e  g lu tam ic  ac id *  The g ly c in e  and 
a r g in in e  e x t r a c te d  showed v e ry  s l i g h t  en richm en t *
I t  h a s  been m entioned  p re v io u s ly  t h a t  in  E x tr a c t  1 
th e  n e u t r a l  amlao a c id s  w ere n o t r e t r i e v e d »  hence no 
d a ta  a re  a v a i la b le  f o r  'y -amino b u ty r ic  a c id *  In  E x tra c t  2 
th e  Y^am ino b u ty r ic  a c id  f r a c t i o n  was u n ib rtm rm te ly  l o s t  and 
in  E x t r a c t  3 a t  th e  tim e o f  w r i t in g  i t  h a s  n o t  been  a n a ly se d . 
Due t o  th e  met h o i o f  f r a c t i o n a t i o n  employed f o r  l y r i c  a  
e x t r a c t s  » a s p a r t i c  a c id  and a rg in in e  were found to  be e lu te d  
to g e th e r ,  T his p o in t  h as  a lre a d y  been d is c u s  sad  on page
%bl8 16
Bia t r i b u t  io n  ©f exoeea f r e e  to  th e  e o n e t i tu e n ts  
o f  module e x tm e ta  o f  % r lQa ga l e .
R é s u lta  a r e  g iv e n  aa  atom  p e r  cen t*  ©xoesa o v e r th e  
norm al f ig u r e  (0 .375  atom  p e r o a n t* ) .
E x t r a c t  Ifo.
P e rio d  o f  ex p o su re  
to
(m in u te s )
T o ta l nodu le  n i t ro g e n  
E x tr a c t  n i t ro g e n  
â e p a r t i c  a e id  
G lutam ic a c id  
Asparagine (amide 1 )  
(amino 1 ) 
GlutaiBine (a s id e  1}
** (amino 1 ) 
G lycine 
A Ian  to©
Tryptophan 
■ A rginto©
: Ammonia 
I  P e p tid e
1
«ao«Bâa»<toiw?ws«ttefcmiie»wta»«iHwiü**?#i*»rW
£
180 60
0,069
mm 0.334
0,186 j 0.427
1.087 0, 602
1,187 0,506
0,388 0,149
3,140 1,450
0,031 0,460
— 0.054
0,870 0.810
0,396 0,369
0,018 0.008
O„870 0.736
0,056
45
0 .070
0.572
0.049
0.595
0»560
0.196
1*684
0 .261
##
0 ,155 
0*588
0.540
if
& ** fWnMArw*' K*N f rni im.i
A a p a r tie  a c id  peak contaB dim ted w ith  a rg in  to e  .
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o f til© . I t  was on ly  In  th e  e a s e  of I x t m c t  2»
how ever, t h a t  the  to o  amino a e id a  w ere sa  t i e  f a e  t a r  1 ly  
s e p a ra te d  and  d a ta  a c q u ire d  f o r  each  I n d iv id u a l ly . A
a n a ly s is  f o r  a rg in in e  ia  a ls o  a v a i la b le  f o r  E x tr a c t  1» 
a lth o u g h  th e  o n ly  a v a i la b le  v a lu e  f o r  a s p a r t i c  a c id  %ms 
o b ta in e d  b e fo re  i t  was r e a l i s e d  t h a t  th e r e  was a r g in in e  
p r e s e n t . However, from  Table 16 I t  i s  c l e a r  t h a t  a r g in in e  
c o n ta in s  o n ly  a  v e ry  low cone emt r a t  io n  o f  in  ex cess  o f 
i t s  norm al v a lu e . T his th e re fo re  e x p la in s  tb s  low v a lu e s  
o b ta in e d  f o r  the  ^M spartic  a e id ” f r a c t i o n s  from  E x tr a c ts  1 
and B .
The i s o  to  p ie  d a ta  a r e  m ost com plete f o r  E x tra c t  2 and 
i t  c a n  to  c a lc u la te d  th a t  the  eompouncia shown i n  Table 16
1 *5aoco im t f o r  67 p e r  -cent., o f  th e  t o t a l  ^ I  o f  th e  e x t r a c t .  
S im ila r  v a lu e s  cam be o b ta in e d  f o r  th e  o th e r  e x t r a c t s ,  and 
i t  would in d eed  seem t h a t  65 to  70 p e r  c e n t ,  o f the  
f ix e d  i n  compounds o f  # a  e x t r a c t  has been re c o v e re d  in  th e  
f r e e  am ino a c id s  and mmmonia.
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Cîoœtitu'» te o f  the Meâulea^
A eomparleem of th e  f r e e  amlao a e i â  oompoeltlom of
the jaoduloa of the mu-legrmino^as plants (Table 12)
reveals that .apart from Ainas specie a the nodiiXes contain 
either asparagine or glmtamine as their predominant eon- 
stltnamt and in general t h e i r  amino aoM compos itioxi is 
similar to that found in the n o d u le s  o f  lagaminons plants 
examined by A prison * Magee & Burria (1954) and by Sam. &
Burma (1955)* fh e  n o d u le s  o f  th e  a l d e r  a lo n e  a r e  d ev o id  o f  
a sp a ra g in e  and glutam lm e and c o n ta in  in  t h e i r  s te a d  c l tm x l l ln e
The exam ina t ie n  o f  th e  n l t r o g e w u s  eons t i tu a n t  s o f  
AlnuB g lu t i n o aa n o d u le s  showed th a t  In  ag reem en t w ith  
l l e t t i n e n  & V ir ta n e n  (19BË) o i t r u lM h e  I s  q u a n t i t a t iv e ly  th e  
m ost Im p o rta n t f r e e  amino a c id  p re se n t*  O ltr a l l ln ©  was 
a l s o  shown by  th e s e  a u th o rs  to  p redom inate  in  the  n o d u les  o f 
A lnus In e a n a . w h lla  a  s im i la r  f in d in g  la  now r e p o r te d  in  
f a b le  12 f o r  Almus r u b r a .  I t  would th u s  seem p ro b a b le  t h a t  
th e  p re se n c e  mt o l t r u l l l m e  i a  e h a m c t e r i s t l e  f o r  Ainu a a s  a 
genus*
The modules of ^ Ig s ,,g 3 u t in ^ ,a a  were also found to  con­
t a in  a p p re c ia b le  am ounts of glutande aold, a s p a r t i c  a c id ,  and 
>f-amirio butyric acid to g e th e r  w ith  arginine and ornithine.
The finding of f r e e  o r n i th in e  in plant t i s s u e s  i s  u n u s u a l.
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I n  animal metabollhowever., omithine I n  well known and Is 
closely related in metabolism to e itm lltoa  and a r g in in e .  
Arginine Is an Important constituent of proteins in toth 
plants and animals *
SSuio© th e  f in d in g  of c l t r u l l l n e  in  th e  a ld e r  by M iettin - 
en & V irtarxen (1952) v a r io u s  o th e r  r e p o r ts  o f  i t s  o ccu rren ce  
in  th e  p la n t kingdom  h ave bean r e p o r te d . B anter & W olff gang
(1965) r e p o r te d  I t  a s  exuded in  la r g e  q u a n t i t i e s  in  the b le e d ­
in g  sap  from r o o t s  and atom s o f  s p e c ie s  o f  b o th  genera  o f  
th e  B eta  la c  e a e , Alnua and B e tu la  and a l s o  in  th e  c l o s e l y  r e -  
l a  ted  g en era  Gory lu s  and Oarpinua» L a te r  B o lla rd  (1957) 
found e i t r u l l in ©  to  b e a  e o m s t i te œ t  o f  th e  xy lem  sap  o f 29 
u n r e la te d  woody g en era  In  5 o f  which i t  man a  m ajo r c o n s t i ­
tu e n t  and ap p eared  to  r e p la c e  th e  asparag in ic  and g lu ta m in e  
o f  o th e r  p lante*. In s ta n c e s  o f  the o ccu rren ce  o f  e l t r a l l i n ©  
a re  S la o  fo r th co m in g  fo r  th e  lo^^cr p la n ts  * Fowclen (1961) 
d e t e c t e d  i t  among th e  f r e e  amino a c id s  o f Wo s p e c ie s  o f  
€ h l-o re l la , Manaforcl à H apar (1054) found i t  to  com prise 6*5 
P03? c © a t , o f  «a® soluU l®  n itr o g e n  o f
and L in îîo , H olffl-H am en, Bassîmra & G a lv in  (1 9 5 7 ) have a l s o  
r e p o r te d  i t s  p r e se n c e  In  c e r t a in  b lu e -g r e e n  a l g a e .
This w id esp read  o ccu rren ce  of o i t r a l l l n e  in  tïxe p la n t  
kingdom to g e th e r  w ith  th e  f a c t  t h a t  i t  h a s  mot been found In  
a l l  mon-leguBi0 m odules ©mphaaiaos. M ie tt ia e n  & Vlrtamem*s 
o b s e rv a tio n ^  tlm t c i tm lX in o  was n o t  s p e c i f i o a l l y  î»alat©d to
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n itro g e n  f ix a t io n .
The matabolio function  o f  o ltru llto ©  la  w ell known in  
animal t is su e  a. Eraba & H ansaleit {1952} found that o m l-  
th la e , e itru llin ©  and arginine mem  Interm ediates in the 
produotiom o f urea in  the matmmlian l iv e r . To explaixx these  
re su lts  Erebs fo M ils ta d  the ^^emithlne oyole^' as shown in  
Figure 6. This cycle  la  now considered to^a sp éc ia l  
adaptation in  maimalB o f  the more wldeapread meehaniasi for  
arginine aynthesia (Batiier, 1 9 6 6 ).
The o n ly  d i r e c t  evidene® f o r  th e  e x is te n c e  o f a  u re a  
o y o la  in  th e  %)lant kingdom i s  th a t  g iv en  by S rb  & H orow itz 
(1944) Who d em o n stra te d  i t s  p re sen ce  by g e n a t io a l  te c h n iq u e s  
in  th e  fum m s M aurospom. e r a s s a .  However, r e c e n t  work o f  
Coleman & H egarty  (1 9 5 7 ), in  w hich  b a r le y  and w h ite  c lo v e r  
w ere fe d  w ith  i t h l m e , ttmmeû t t e t  emayrma capab le  o f  
c o n v e r tin g  th e  o r n i th in e  to  © I t r a l l i n e  and a r g in in e  war© 
p r e s e n t .  An enzyme xfhiah aouM  c o n v e r t a r g in in e  to  o r n i ­
th in e  a l s o  ap p ea re d  t o  be  o p e ra tiv e *  Such f in d in g s  in d ic a te  
t h a t  many o f  th e  enzymes o f  fee E rebs o r n i th in e  c y c le  a re  
p re s e n t  In  b a r le y  and w hite c lo v e r  and th e  a u th o rs  su g g ested  
th a t  feey  may have a  p la c e  i n  th e  n i t r o g e n  m etabo lism  o f  
th e se  and o th e r  p la n ts *
Ml# t  t in  en & 7 i r  tenon (1955a) found no evidence f o r  th e  
par t i e  Ipa t l  on o f  e i t r a l l in ©  in  ouch a cy c le  In th e  a ld e r .
Tihe a ld e r  was shown to  be devoid o f  a rg la in e  a c t iv i ty  and
0 .
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only  n e g l ig ib le  ammmte o f  u r e a  were & eto o ted . I t  was th u s
su g g ested  th a t  I n  th e  a ld e r^  e i t i ^ l l i n e  re p la c e d  th e  am ides 
o f  o th e r  p la n ts  ami a e te d  a s  a  s to r e  o f  and a s  a  means o f  
t r a n s p o r t  fo i' th e  n i t r o g e n  w ith in  the p l a n t ,  R eu te r (1057) 
s u b s ta n t ia te d  t h i s  end ex ten d ed  the id e a  t o  o th e r  p l a n t s .
The ex isten ce  of o ltz u llin e  a s  a  major earn stltu em t of the xylem 
sap o f suoh p la n ts , although net d e f in ite  proof, does support 
th is  theory. In  a  further in v estig a tio n  # f th e  rô le  o f 
o ltr o lllB e  In  the a l d e r ,  l l l e t t i u e n  à  V irta a e n  ( 1955b) r e p o r te d  
a l i g h t  but po-eitiiro  evideno© of the  transfer of e i t m l l i n e  
n i t ro g e n  'bo < ^ketoglutmrle m id in  th e  le a v e s  b u t n o t i a  any 
other p a r t  o f  the p lan t. The t m t  that such a  re a c t io n  d id  
not- ta k e  p la e e  In  th e  modules was re g a rd e d  a s  conforming to  
th e  su g g e s tio n  th a t  in  oltruU im e th e  nitrogen fixed  in  the  
nodules was txm naported  fo r  use in  other p a r te  of th e  p la n t*
Ltoto et a l (1967) likewise found no ■evMenae for the 
operation of the urea eyole in the blue-green algae. All 
efforts to detect free arginine -or urea In such algae were 
negative. These a u th o rs  did, however, favour a cyclic p r o c e s s  
of some description for #ie formation of oitrulllne and suggest­
ed that i t  might function as a means of transfer of nitrogen 
from ammonia, to the amino acids or possibly as -a storage pool 
for the carbamyl group for nucleotide synthe s i s .
The ie o to p ic  d a ta  presented In T ab le  13 o f t h i s  t h e s i s
1 Hshow that a rg im in a  I s  v e ry  a l i g h t ly  e n r ic h e d  with M compared
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w ith  e l t n l l l m e . Thus i f  a rg in in e  i s  formmd from c i t r a l l i n e  
In th e  a i d e r  n o d u le s , a s  seems h ig h ly  p ro b a b le , . i t s  r a t e  of 
fom m tlom  im et he ex trem ely  alow compared w ith  th e  r a t e  o f  
fo rm a tio n  of o l tm i l l lx m . Thla would th e r e fo r e  auggeat th a t  
th e  e l tm l l lm e  i a  th e  a id e r  n o d u les  h a s  some o th e r  rS la  in  
a d d i t io n  to  t h a t  o f  a rg in lm e  sy n th ea is - , p o a a ib l j  t h a t  o f  
t r a n s i  oe-ation *
I t  h a s  been  Bltotm th a t  25-30 p er c e n t ,  o f the  s o lu b le
f
n i t  rogei^ Wyric a  n o d u les  e x t ra c te d  w ith  0.3.W HCl was in  th e  
form , o f a sp a rag im e . T able IB in d io a t© s t h a t  a sp a ra g in e  was
a ls o  p redom inant In  lltopùplm ë no d u les  and th a t  in  O asuarina  
glutam im e to o k  i t s  p la c e .  T r a d i t io n a l ly  a s p a m g to e  and 
g ln tm ilm e w ere re g a rd e d  a s  fim ctio n im g  In  th e  h ig h e r  p la n ts  
aa  r e s e v o lr a  f o r  exoees ammonia and as  a  memm o f  t r a n s p o r t  fo r  
n i t r o g e n  from  one p a r t  o f  th e  p la n t  to th e  o th e r .  iii© d i s t r i ­
b u tio n  o f o th e r  amlmo a c id s  was e s s e n t i a l l y  s im i la r  t o  th a t  
o b ta in e d  In  Almna e x t r a c t s ,  a p a r t  from  no o l t r a l l l n e  o r  
o r n i th in e  b e in g  fo u n d . ^ r l c a  no d u les  d id ,  how ever, d i f f e r  
from  th e  o th e r s  examina# M t im t th e y  c o n ta in e d  try p to p h a n .
Son & Burma (1955) a ls o  re p o r te d  t iy p to p h a n  from  legume nodu le  
e x t r a c t s .  ' In  g e n e ra l  m etabolism  th i s  amino a c id  ie  known a s  
a  p re c u rs o r  o f  th e  v ita m in , n i c o t in i c  a c id ,  s e v e r a l  p ig m e n ts , 
and an an im a l horm one. Im. p la n t  m e tab o lism  in  p a r t i c u l a r ,  
how ever, try p to p h a n  i s  o f  i n t e r e s t  be cause o f  i t s  r e la t io n s h ip  
w ith  th e  a u x in  im dole a c e t i c  a c id .
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The F athw aj o f  M itro g ea  .F ixa tion  in  A lm a  g lu t in o s a .
As i s  shown l a  th e  In tro d u c t io n  to  t h i s  S e c t io n , the  
i s o to p io  s tu d ie s  o f  te e  W ieconato group have p ro v id e d  two l i n o s  
o f  ev id en ce  on th e  pathway o f  n i t r o g e n  f i x a t i o n  in  g e n e ra l .  
C e r ta in  n i t ro g e n  f ix in g  o rg an ism s, f o r  exmaple O lo s tr i d ium, 
e x c re te  a  la rg e  p ro p o sitio n  o f  th e  f ix e d  n i t r o g e n  in to  th e  
raedium. ?Aien such  c a l l s  w are exposed to  e x c e s s  f r e e  , 
t h i s  e x c re t io n  v/as found to  c o n s i s t  l a r g e ly  o f aam onla con t a i n -
Tj iA
to g  mi e x tre m e ly  h ig ji M o o n e o n tra tio n . I t  was th e r e f o r e  con­
c lu d e d  th a t  t i l l s  ammonia was an  in te rm e d ia te  in  f i x a t i o n  r a t h e r  
th a n  a p ro d u c t o f  d eco m p o sitio n .
The s tu d y  o f  th e  d i s t r i b u t i o n  o f f ix e d  w ith in  th e  
c e l l s  o f m ost o f  th e  known îi i tro g e n  f i x e r s  and in  legume
n o d u le s  in v a r ia b ly  showed t h a t  glutivmic a c id  c o n ta in e d  th e
15gx’o a t e s t  c o n c e n tr a t io n  o f  M o f  any  compound is o  to t e d .  T h is
m
to g e th e r  w ith  th e  f in d in g  th a t^ iso to p ©  d i s t r i b u t i o n  was e s s e n t i ­
a l l y  th e  same w h eteer th e  was s u p p lie d  a s  m o le c u la r  n i t r o ­
gen o r  a a ammonia vms re g a rd e d  a s  im p ly in g  t h a t  ammonia was an 
in te im e d la te  in  f i x a t i o n .  However, o n ly  l a  l e ^ m e  n o du les  was 
an u n l^ d ro ly a o d  c e l l  e x t r a c t  exmntoed and  th e  above work can  be 
c r i t l c l a e d  on the  grounds t h a t  random d i l a t i o n  o f  th e  f r e e  emiiac 
a c id s  c o u ld  o c c u r .  A nother d l f f I c u l i y  was t e a t  the  l a b e l l i n g  
o f  th e  f r e e  amiomla was n e v e r  fouM  to  exceed  t h a t  o f  th e  
g lu tam i 0 a  c i d .
th e  above M adison ex p e rim en ts  ex p o su res  o f a t  l e a s t
1X0.
on© to  two h o u rs  had  boon ©iteloyod. $imce the p re s e n t  work 
a t  Glasgow was begun , A l l i s o n  & B u rr la  (1957) in  TJlsconsin 
have ta c k le d  the  problem  o f  d e m o n s tra tin g  the  n a tu re  o f p r l ^  
mary p ro d u c ts  o f f ix a t io n  by u s in g  th e  api^roaoh employed by 
C alv in  to  e lu c id a te  th e  pathw ay o f  p h o to s y n th e s is  * I t  was 
a rgue#  t h a t  a f t e r  an i n f i n i t e l y  s h o r t  ex p o su re  to  100 p e r  
c e n t ,  of th e  t o t a l  f ix e #  shou ld  be in  th e  e a r l i e s t  p3?o- 
d u c ts  o f  f i x a t i o n  and  w ith  In c re a s in g  exposure  tim e th e  per-» 
e e a ta g e  o f  th e  t o t a l  in  tee  so p ro d u c ts  shou ld  d e c re a s e . 
A f te r  dem om stm tim g th a t  in  A^o to b a c t e r  e a s i l y  d e te c ta b le  
le v e ls  o f  3.% were p re s e n t in  a  number o f  oompounds in  th e  
c e l l s  and in  th e  medium a f t e r  one m inute  ^  s f i x a t i o n , th e  above 
auit-iora showed by a  k in e t i c  a n a ly s is  o f  th e  is o to p e  accum ulated  
from  s h o r t  s te a d y  s t a t e  exp osu re o f  one to  f i v e  m in u te s , th a t  
o n ly  th e  am ide n itr o g e n  o f  th e  c e l l s  and te a  ammonia o f th e  
medium f u l f i l l e d  the  oonditdona fo r  th e  p rim ary  p ro d u c ts  o f  
f ix a t io n *  To th e  W isconsin  w orkers t h i s  e a n s t i tu to d  f i n a l  
p ro o f o f  the in t e m o d ia te  r ô le  o f  ammonia in  n i t r o g e n  f i x a t i o n .  
I t  m ust be remembered, how ever, th a t  t h i s  o n ly  a p p l ie s  so f a r  
to  A aotoX m cter.
When c o n s id e r in g  th e  d a ta  o b ta in e d  in  Glasgow f o r  
th e  Aln;a£.jg^ ^ tlnoaa m a te r i a l ,  i t  im a t be s t a t e d  t h a t  th e  id e a l  
p r o o f t h a t  ammonia c o n s t i t u t e s  an  in  te r m e d la te  in  th e  f i x a t io n  
by th e s e  n o d u le s  w ould be  th e  i s o l a t i o n  o f  f r e e  ammonia eon- 
t a to in g  th e  g r e a t e s t  e n r ite m e n t o f  heavy n i'trogen*  In  none
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o f th e  0x p ariiiB lits  was t h i s  fou n d . The low l a h e l l i n g  o f  
th e  ammonia f r a c t i o n  was a t  f i r s t  th o u g h t to  be d ie  to  
d i l u t io n  d u rin g  th e  f r a o t i o m t i o n  p ro e e a a . 3h an e f f o r t  
to  overcome th i s  th e  f r e e  ammonia in  E x t r a c t  6 w as, a s  n o te d  
e a r l i e r ,  removed b e fo re  th e  f ra o k lo n a tio n  o f  the amino a c id s  
was begun* In  t h i s  c a se  th e  g lu tam ic  a c id  once more ex ­
h ib i t e d  a  g r e a t e r  en rich m en t th a n  d id  th e  ammonia. Indeed  
in  E x t r a c t  S th e  p ro p o r tio n  o f  i n  ammonia to  t lm t  In
g lu tam ic  a o ld  was even lo w er th a n  had  been found in  the
© tiler f m e t i o n a t i o n .  Eowever, i t  m ust b e  remembered, t h a t
th e  n o d u le  i s  a  complex n i t r o g e a - f ix i i ig  sy stem . I t  c o n s i s t s  
o f endopliyte c e l l s  in  o r on which th e  n i t r o g e n  i s  f ix e d  
to g e th e r  w ith  h o s t  c e l l s  w hich a re  p raam m bly  uiicono©m.ed 
in  th e  f i x a t i o n  b u t in to  w hich a  g r e a t  bmlk o f  te e  p ro d u c ts  
o f  f i x a t i o n  a r e  passed  and f u r t h e r  m e ta b o lise d  f o r  t r a n s p o r t  
to  o th e r  p a r t s  o f th e  p l a n t .  Hence the ammonia and  o th e r
n i t r o g e n  f r a c t i o n s  e x t r a c te d  from  the n o d u le s  by hom ogenisa­
t io n  p ro b ab ly  eons 1 s t  o f  a  com plex m ix tu re  d e r iv e d  from  
d i f f e r e n t  s o u rc e s . ümipmmàB c o n ta in in g  n e w ly -f ix e d  
n i t r o g e n  a re  o b ta in e d  from  th e  andophyte and n e ig h b o u rin g  
c e l l s , w hereas many h o s t  c e l l s  w i l l  su p p ly  much o ld e r  
la b e lle d -  n itro g e n *  As th e re  a re  many ways in  w hich ammonia 
may be produced  o a t a b o l i e e l ly  by th e  l a t t e r  c e l l s , i t  i s  n o t 
p erh ap s s u r p r i s in g  t h a t  h ig h ly  l a b e l l e d  ammcmia h a s  n o t  been  
i s o la t e d  from  the n o d u le  hom ogenates,
lis
S ince  the  fx ^ e  animoxrla i t s e l f  does n o t  show th e  
"f 5,g re a b e s t  1 en rich m en t. In fo rm atics: eon-oer-ntog tee  r ô le  o f
aBioionia In  the  f i c t i o n  in  a ld e r  nodu3,©e can on ly  he g a in e d  
from  ex p erim en ts  o f  the p r e s e n t  type  by c o n s id e r in g  th e  
n a tu re  o f th e  c o n s t i tu e n ts  In to  which th e  f ix e d  p a s s e s .
In  c o n t r a s t  t o  the many ways in  w hich ammonia obxx be form ed 
o ttta b o lio a lX j in  l i v in g  c e l l s ,  th e re  m?e few known in  which 
f r e e  mmmoiiia can be a s s im i la te d .  The p r in c ip a l  ones t o o »  
a re  a s  fo llo w s
1 . oC -k e to  g X u ta rie  a c id  4^ amimmla — ^  g lu tam ic  a c id
En g lu ta m ic  acM  g lu tam ine
o r  mmmnlB, — — or
a s p a r t i c  aoicl a sp a ra g in e
3 . carbon  d io x id e  4^  F0 4- ammonia  eaxbaxiiyl phosphate
. X  \
c i t r r u l l t o e  p y rlA ld ln e e
The a ld e r  n o d ale  ap p ea rs  to  p o sse ss  no a sp a ra g in e  o r  
g lu tam in e  and a lth o u g h  te e  n u c le o tid e  c o n s t i tu e n ts  have by 
no means been r ig o ro u s ly  i n v e s t i g a t e d , p re lim in a ry  e x p e r i ­
m ents in d ic a te d  t h a t  th e y  do n o t p o s s e s s  a s  g r e a t  en richm ent 
a s  do th e  f r e e  amine a c id s*  The g e n e ra l  o v e r a l l  d i s t r i b u t io n  
o f th e  f ix e d  In  th e  a l d e r  no d u le  shewn in  Table 13 in d i ­
c a t e s  th a t  glutam ilc a o id  c o n ta in e d  # ie  h ig h e s t  c o n e c a tra t io n  
o f  O th er oompomids showing œ r t o d  en richm en t war©
a s p a r t i c  a c i d ,  y -am ino b u ty r ic  a c i d , f r e e  ammonia and
l i s *
o i t  ru  U l n a .  S u i3 e r f i c ia l l j  t e l s  is o to p e  d ie t id b u t io n  a g re e s
c l o s e l j  w ltl i  tlie  r e s u l t s  o b ta in e d  by th e  l i s c o n a ln  group
f o r  o th e r  n i t r o g e n  f ix in g  sy stem s. I t  would su g g es t th a t
th e  f i x a t i o n  pro c s s s  to  legum es and  non-legum e n o d u le s  a t
l e a s t  ia  fxindam tratally  s im i la r  * I t  cou ld  be argued  t lm t
s'ach r e s u l t s  them selves p p to t  to  ammionia a s  an  in te rm e d ia te
1 ain  th e  f ix a t io n *  However, th e  d i e t r ib u  t io n  o f th e  ' M 
to  e I t ï u l l l n e  p ro v id e s  f u r th e r  and more o o n v in c in g  © videnca 
in  fa v o u r  o f  t h i s ,  f o r  a s  n o te d  a l r e a d y ,  a  com parison of 
T ab les 13 and 14 shows tlm t the  o a rb a ti^ l n i t r o g e n  o f  o i t  m i l»  
to e  p o s se sse d  th e  h ig h e s t  l a b e l l i n g  d e te c te d  to  th e  e x t r a c t ,  
s u rp a s s in g  even t e a t  o f  t3ae g lu tam ic  a c i d .
In  a n lm il  t ia a u e a  and in  b a c t e r i a  th e  b io s y n th e s is  o f  
c i t r a l l i n e  as  %)art o f th e  ICrebs o m i th to e  c y c le  I s  ©nv:lsagod 
by H a l l ,  Metssenberg &. Cohen (1956) aa b e in g  as f o l lo w s ; -
toayme I
l.p COo 4* ATP carbamy 1 phos*
Mg'*' 4- a c e ty l  g lu ta m ic  p h a te
acM
Enayme I I
B. c a rb a m jl p h osphate  4r o m i th in e  —*"•—— c i t  n u l l  to e  4*
The a c e ty l  glutfM iic a c id  has been  ahovm to  be c a t a -  
l y t i o a l l y  ac t l v e  In  the s y n th e s is  o f  c a rb a it^ l p h o sp h a te , 
a #  to m ed ia te  p recu i^so r o f  the  carbam yl g roup  o f c l  t i n  11 to e .  
Thus th e  carbam yl groux>ing i s  d e r iv e d  d i r e c t l y  from the 
armrionia and th e  c a 3?ban d io x id e ,  n o t from  th e  g lu tam ate*
Xt sliouXd be n o te d  that* th e  s y n th a a is  in v o lv e s  a  f i x a t io n
o r vUg
b ln k o , Holm-Hmisen, Baa sham a  C alv in  (1957) found th a t  
when was m p p lle d  to  iloatoQ th e  was r a p id ly  i n ­
c o rp o ra te d  in to  the  e a rb a rg l  g rouping  o n ly  of tlie o i t r a l l i n o .  
T h is r e s u l t  would ap p ear to  su p p o rt a s im i la r  meelmnisrii f o r  
th e  s y n th e s is  o f  o i t r a X I in e  in  one b ran ch  a t  l e a s t  o f  th e  
p la n t  kingdom , nam ely , th e  b lu e -g re e n  a lg a e .
ih e  d i s t r i b u t i o n  o f f ix e d  in  tee  c i t r a l i i n e  o f 
th e  a ld e r  n o d u le  i e  c o n s is te n t  w ith  t h i s  mode o f fo rm a tio n  
to  tlie  laigliez’' p la n ts  a lso *  I t  m oreover in d i c a te s  th a t  
th e r e  be a su p p ly  o f  h ig h ly  l a b e l l e d  f r e e  axmionia in
th e  n o d u le  * Hence by v i r t u e  o f  i t s  d i f f e r e n c e  from  o th e r  
ays terns exam ined th e  a ld e r  p ro v id e s  new ev id en ce  th a t  in  
n i t r o g e n  f i x a t io n  th e  fo m m tlo n  o f  aaimionia p reced e s  th e  
fo rm a tio n  o f f r e e  am toa a c id s .
ThB p re se n c e  o f such a  mo chan Ism f o r  te e  syn th e s i s  o f  
e i t m l l l n e  in  the  a ld e r  could  su p p o rt th e  s u g g e s tio n  o f 
I,toko e t  a l  (1957 ) ,  a lre a d y  m en tio n ed , th a t  c l t r a l l t o e  may 
fu n c tio n  aa  an  to  te r  m edia t e  between ammonia and te e  am too  
a c id s*  The low er l a b e l l i n g  o f  th e  g lu te m ic  a c id  cou ld  th e n  
be acco u n ted  fo r  by v i s n a i l s to g  te e  pathway o f  f ix a t io n  
b e in g  a s  fo llo w s  î -
 -------> e l t r u l l i n e  ^ g lu ta m ic  a c id  — ^
o th e r  amino a c id s .
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M ie ttin e n  & V lrta n en  (19 6 5 b ), how ever, eouM  f in d  no ev id e n c e  
o f  th e  tm nsfoT  o f c l  t r a i l  to e  n i t ro g e n  to  aC -ketogX utario  
a.old In the  a ld e r  n od u lea*  Buoli a schema w ou ld . In d e e d , 
e n t a i l  th e  a y n th e a is  o f  g lu ta m ic  a c id  by a r e a c t io n  h i th e r to  
unknown in  m etabo lism  m id, w h ile  th e r e  i a  no reaso n  why th i s  
■should n o t M ppen , tea d a ta  can be J u s t  as r e a d i ly  e x p la in e d  
on th e  b a s is  o f  known r é a c t io n s .  I t  i s ,  th e r e f o r e ,  s u g g e s t-  
■ad t h a t  a more l i k e l y  pathway o f  a a s lm lla t lo n  i n  th e  a ld e r
I s  a s  fo l lo w s ? -  a r g in ta o
e i t r a l l i n e  _
. /  ra m  loom t i  on
/
gItataBulo a e i c i  o th e r  amino
a c id s  «
The h ig h e r  l a b e l l i n g  of th e  c l t m l l t o e  oarbam yl n i t ro g e n  
compared w ith  t h a t  o f  g lu tam ic  a c id  may be e x p la in e d  I f  
r e a c t io n  A i e  more r a p id  th an  r e a c t io n  B* The f a c t  t h a t  
th e  fb m m tio n  o f  c itiu l3 u ln e  from  o r n i th in e  i s  r e v e r s ib l e  and. 
b o th  r é a c t io n s  may be o p e ra t in g  to  seme e x ta n t  a t  th e  Bmn& 
tim e may a ls o  e x p la in  th e  h ig h  en rich m en t o f e i t m l l i n a ,  ae 
in  t h i s  way the c i t r a l i i n e  rm>leoule form s an  e f f e c t iv e  t r a p  
fo r  th e  On th e  o th e r  hand th e  fo rm a tio n  and breakdown
o f  g lu tam io  a c id  in  th e  c e l l s  i s  q u i t e  d i s t i n c t  and p o s s ib ly  
even o c cura  in  d i f f e r e n t  c a r t s  of th e  c e l l s .
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The mu ell low er l a b e l l i n g  o f  th e  o m i t  b in e -n i tro g e n  
o f th e  o l t r u l l i n e  m olecu le  presum ably in â ie a to e  t h a t  th e  
fo rm a tio n  o f th a t  su b s ta n c e  from  o r n i th in e  la  a much more 
r a p id  r e a c t io n  th a n  th o se  le a d in g  to  the  fo rm a tio n  o f 
o m itliin ©  and  t h a t  th e  p recm rso ra  o f o r n i th in e  were la r g e ly  
p ro f  Dime d  b e fo re  th e  a x p e ri 'o e n t began . O ther f r e e  amino 
a c id s  w ith  s u b s t a n t i a l  enrIchm enta a r e  a a p a r t io  acM
and Y ^am in o b u ty rlc  a c id ,  b o th  o f w hich a r e  i n  c lo se  
m e tab o lic  r e la t io n ,  w ith  g lu tam ic  a c id .
In  c o n s id e r in g  th e  above i n t e r p r e t a t i o n  o f th e  d a ta  
o b ta in e d  f o r  a ld e r  n o d u le s , i t  has t o  be borne In  mind th a t  
n o t a l l  th e  e x c e ss  In  com bination  in  th e  e x t r a c t s  was 
acco u n ted  f o r .  I t  h a s  a lre a d y  been n o te d  t h a t  d a ta  a v a i l ­
a b le  in  r e s p e c t  o f  one p a r t i c u l a r  E x tr a c t  (Ho*4) in d ic a te
th a t  th e  f r a c t i o n s  . is o la te d  and a ssa y e d  a cco u n ted  f o r  60 to
1570 p e r  c e n t . o f  the t o t a l  e x c e s s  II p r e s e n t .  TTiis i s  an  
a s p e c t  which w i l l  be c o n s id e re d  a g a in  a f t e r  the M yriea d a ta  
have been d is c u s e e d .
A lthough  only  15 pox’ c e n t, o f  th e  t o t a l  no d u le  n itro g e n  
was e x t r a c te d ,  i t  was fou n d  t h a t  o f  th e  1 f ix e d  by th e  
n o d u le s  o f  % r l ca, g a le  80 to  90 p e r  c e n t ,  was to  bo found  i n
th e  a x ti^ a c t, Thus in. E x tra c t  2 a f t e r  exposure  t o  f o r
15 to ''one h o u r  82 p er  c e n t ,  o f  th e  B f ix e d  by th e  n o d u le s
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appeared  In the  e x t r a c t ,  w h ile  In E x tr a c t  5 a f t e r  an ex - 
poBure o f  45 m in u tes 89 p e r  c e n t ,  o f te© Iso to p e  f ix e d  was 
ill th e  e x t r a c t .  This con firm s th e  e x p e c ta t io n  t e a t  i t  i s  
in  th e  s o lu b le  n itro g e n o u s  e o n s t i tu e n ta  t e a t  te e  prim ary  
p ro d u c ts  o f  f i x a t i o n  a r e  m ost l i k e l y  to  be fo u n d . I t  can 
be c a lc u la t e d  t e a t  th e  compounds i s o l a t e d  and a n a ly se d  f o r  
{Tabla 16) account f o r  60 to  70 p e r  c e n t ,  o f  te e  t o t a l  
o f th e  e x t r a c t .  The m ajor p a r t  o f  t h i s  acco u n ted  
f o r  i s  t o  be found i n  seven a u b s ta n t l a l ly  l a b e l l e d  compounds, 
n a m ely , g lu ta m in e , a s p a ra g in e ,  g lu tam ic  a c i d ,  a s p a r t i c  a c id ,  
f r e e  ammonia, a la n in e  and  try p to p h a n . These compounds 
m ust th e r e fo r e  be o f im portance i f  n o t a s  d i r e c t  p ro d u c ts  
o f  f i x a t i o n  then  a s  e a r ly  proclucts o f  a a s im i la t io n .
As n o ted  e a r l i e r ,  f a b le  16 shows t h a t  te e  g r e a t e s t  
e x c e s s  o f  o c c u r s  i n  th e  amide group o f  g lu ta m in e . 
A sparag ine  in  i t s  amid© g ro u p , g lu ta m lo  a c id  and the f r e e  
ammonia show somewhat low er b u t s u b s t a n t i a l  o n r lch m en ts , 
w hile  a la n in e  and tiy p to p h a n  to g e th e r  w ith  th e  amino g roups 
o f  th e  am ides a lso  c o n ta in  a p p ré c ia b le  The g ly c in e
and a r g in in e  e x t r a c te d  show v e ry  a l i g h t  en r ich m en t.
The o n ly  t o o »  mode o f  s y n t h e s i s  o f  g lu tam in e  in  v iv o , 
e lu c id a te d  by E l l i o t t  (1951) in  hom ogenates o f  hup inus seed ­
l in g s  and © onfirm ed by W ebster ■ (1953) u s in g  e x t r a c t  a o f 
bean s e e d l i n g s .  I s  a s  fo llo w s
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G lu t ami# a d d .  4* ATF G lutam ins 4* A DP
T h is r e a c t io n  i s  v ery  s im i l a r  to  t lm t  in v o lv e d  in  th e  sy n ­
t h e s i s  o f  e i t z u l l i n e  and would a g a in  p o in t  to  ammonia as 
an in te rm e d ia te  o f f i x a t i o n .  F ree ammonia w ith  a  g r e a t e r  
en rich m ent o f  th a n  the g lu tam in e  amide n i t r o g e n  h a s  n o t ,  
howevOT, been  i s o la te d  from  the Myriea  n o d u le s , a lth o u g h  in  
one c a se  ( E x tra c t  2) th e  enrichm ent of th e  ammonia d id  ex ­
ceed  th a t  o f  th e  g lu ta m ic  a d d  * Ihe d l s t r l h u t  Ion o f  th e  
f ix e d  in  the  e x t r a c t s  o f  &tyr i p a  module s showing th e g re a t-  
e e t  en rich m en t to  o ccu r in  th© amide g roup  o f  g lu tam in e  
would th e r e fo r e  appear to  in d ic a te  a  v e ry  c l o s e  p a r a l l e l  
between th e f i x a t i o n  p ro c e ss  in  M yrlca and In  Alnue and t o  
su p p o rt th e  h y p o th e s is  t h a t  c l t r u lX in e  in  th e  a l d e r  r e p la c e s  
th e  am ides o f  o th e r  p la n te ,
A sp arag in e a l s o  was found to  c a r ry  a  s u b s t a n t ia l  co n ­
c e n t r a t io n  o f i n  i t s  emlde n i t r o g e n .  A lthough  n o t so  
much i a  known about th e  s y n t h e s is  o f  a sp a ra g in e  a s  i s  th e  
ease  fo r  g lu ta m in e , i t  i s  th o u # i t  to  be s im i la r  to  th a t  o f  
th e  l a t t e r  s u b s ta n c e . I t  i s  v ery  d i f f i c u l t  to  compare th e  
I s o to p io  r e s u l t s  f o r  th e  two a m id es , The p o o l o f a sp a ra g in e  
i l l  t e e  n o d u le s  I s  v ery  much g r e a te r  th an  th a t  o f  g lu tam ine  
w h ile  n o th in g  i s  known as  t o  the r e l a t i v e  r a t e s  o f  fo r m a tio n  
o f th e s e  am ides,
n  K
O ther am ino a c id s  c o n ta in in g  s u b s t a n t ia l  excea-s E 
in c lu d e  gLutam lc a c id ,  a s p a r t ic  a c i d ,  a la n in e  and tr y p to p h a n .
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A s p a r t ic  a c id  and a la n in e  a re  n o rm a lly  c o n a id o red  a s  b e in g  
c lo s e ly  r e l a t e d  m e ta b o l l c a l l j  to  g lu ta m ic  a c id  and v;ould 
hence be e x p e c te d  to  c o n ta in  much . The r ô l e  o f  t r y p to ­
phan in  n o d u la r  m etabo lism  i s  o f  in c id e n ta l  t o t  e re  a t  owing 
to  i t s  c o n n e c tio n  w ith  th e  a u x in , in d o le  a c e t i c  a c id .  I t  
i s  p o a a ib lo  t h a t  i t  is  by means o f au x in  p ro d u c tio n  t h a t  th e  
endophyte i s  a b le  to  s t im u la  to  nodu le  p ro d u c tio n . I t  would
be o f  i n t e r e s t  to  a s c e r t a in  th e  d i s t r i b u t i o n  o f  betw een
th e  n i t r o g e n  a t  am  o f  th e  m o lecu le .
In  each  ex p erim en t th e  H o o a o e n tra tio n  in  the  amino 
groups o f  g lu tam in e  and a sp a ra g in e  i s  d e f i n i t e l y  lo s s  th an  
th a t  o f  th e  f r e e  g lu tam ic  and a s p a r t i c  a c id s .  Tills c o u ld  
be e x p la in e d  i f  the s y n th e s is  o f th e  am ides to o k  %)laoe a t  a  
d i f f e r e n t  lo c a t io n  to  th e  c o l l  from  th a t  o f  th e  g lu tam ic  
and  aspaai’t i o  a c id s .
The i s o to p ic  r e s u l t s  would te e r e f o r e  su g g es t t lm t  in  
th e  M yrlea n odu le  th e  f I x a t io n  p ro c e ss  c o u ld  be re p re s e n te d  
as  f o l l o w s ; -
a sp a ra g in e  
H ----------------- ^ MIL-'--------- ^ g lu tam in e
^ o th e r
g lu tam ic  a c id  ^ i^ am in o
a c id s
The m itoo a c id  c o n te n t o f  legume n o d u le s  ia  very
16s im i la r  to  th a t  o f M yrica . The d i s t r i b u t i o n  o f  M f ix e dW% IXt»* I TM#
u n d er s im i la r  c o n d itio n s  to  d e tach ed  soya bean n o d u le s  a f t e r
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axpoaure to  e x c e ss  f o r  on© hour a s  s tu d ie d  by A prleom ,
Magee & B u rr is  (1964) w as, how ever, r a t h e r  d i f f e r e n t  W  from
t h a t  found ab o v e . Xu th e  toje  bean g lu tm lo  a c id  c o n ta in e d
1 Fth e  g r e a t e s t  © nrie te ien t o f  th e  amide n it ro g e n  w hether
from  a s p a ra g in e  o r g lu tam in e  b e in g  o n ly  p o o r ly  l a b e l l e d .
I t  I s  eo n ce iv ab le  t lm t  In  th e  two ty p e s  o f  n o d u le s  th e  p ro -  
c e s s e s  o f  f i x a t i o n  o r  a s s im i la t io n  m ight d i f f e r  in  d e t a i l .
I t  has b een  n o te d  a l re a d y  th a t  s t ru e  tu  r a l l y  legume and non- 
legume n o d u les  œ e  q u i te  d i f f e r e n t  and th a t  t h e i r  ©ndopiiytes 
a re  o f  d i f f e r e n t  ty p e s .  However, I t  im s t a l s o  be remeateered 
t h a t  when legume nodule a a re  d e tach ed  from  th e  p la n t  th e  
f i x a t i o n  f a l l s  o f f  v e ry  mueh more r a p id ly  th a n  ia  th e  ea se  
w ith  non-legum e n o d u le s , Thus th e  d i f f e r e n c e s  in  th e  r e ­
s u l t  s o b ta in e d  o f  th e  two ty p es  o f no d u le  co u ld  b e e x p la in e d  
by th e  f i x a t i o n  in  th e  legumes h av in g  f a l l e n  o f f  a f t e r  one 
h ou r w h ile  A lnus and Myri.ea were s t i l l  a c t iv e ly  f ix in g .
More infom m itlorn on th i s  p o in t co u ld  be o b ta in e d  by exp o sin g  
th e  soya bean n o d u le s  f o r  a  much s h o r te r  tim e to
lia co n c lu s io n  i t  can be s a id  th a t  In  b o th  A lm s  and
n o d u le s  th e  b u lk  o f  th e  f ix e d  a p p e a rs  to  o rg a n ic  
compounds w hich  a re  l i k e l y  to  a r i s e  by r e a c t io n s  in v o lv in g  
aim ionla, po to  t in g  to  th e  fo rm a tio n  o f  t h a t  compound a s  
to te rm e d la te  p ro d u c t o f  f i x a t io n .  The ammonia a p p e a rs  to  
be th e  means by te io h  th e  f ix e d  nlt^o^en  i s  tocor% )orated 
in to  o rg a n ic  com pounds, and i t  would th u s  be b e t t e r  to  z^egard 
th e  ammonia a s  th e  end p ro d u c t o f  th e  f i x a t i o n  p ro ceas  and
A ND
th e  G it r a i l  toe  and g lu ta jiiic  a c id  o f  A lm s  a #  th e  am ides and 
g lu tam ic  a c id  i n  B^ .r i c a  a s  th e  p rim ary  a s s im ila t io n , p ro d u c ts . 
As s t r e s s e d  a l r e a d y ,  fro© aw aonia showing a  l a b e l l i n g  
g r e a t e r  th a n  th a t  o f  any o rg a n ic  n it ro g o n  M s  no t been i s o l a t ­
ed fm m  th e s e  n o d u le s , T his d i f f i c u l t y  was a ls o  e n co u n te red  
to  ex p erim en ts  a t  Madison and i t  has  been  su g g e s te d  in  some 
q u a r te r s  th a t  hydroxyImmtoe r a th e r  tîm n  aim onia m igh t j u s t  
a s  e a s i l y  be th e  end p ro d u c t o f f i x a t i o n .  However, a a no 
r e a c t io n s  have y e t  been  d is c o v e re d  means o f w hich th e  
n i t ro g e n  o f  h^/dz’ossylamirie can be d i r e c t l y  in c o rp o ra te d  in to  
g lu tam ic  a c i d ,  th e  am ides o r  o l t r a l l t o e ,  t h i s  su iggestion  
aeema q u i te  u n te n a b le  in  view  o f  o u r r e s u l t s .
As m entioned  a l r e a d y , i t  i s  n e c e s s a ry  to  b e a r  i n  m ind ,
how ever, th a t  to  b o th  g en era  r a th e r  lo s s  th a n  th r a e - q u a r te r s
15o f  idle f ix e d  'M o f th e  e x t r a c t s  was re c o v e re d . At p re s e n t  
l i m i t a t l m a  of teo lm iq u e  and in co m p le te  Imowledge o f  th e  f u l l  
range  o f  n itro g e n o u s  c o n s t i tu e n ts  o c c u r r in g  in  p lan-ts make i t
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16=^aco,re©ly p ra o tle & b le  to  lo c a to  a l l  th© " K, and th e r e  i s  
thua  th e  p o s s i b i l i t y  th a t  oome eo fei? u n d e te c te d  su b s ta n c e  
was p r e s e n t  in  th e  e x t r a c t s  in  a  h ig i i l j - la b o l le c l  form* 
^^nowledgo of su ch  a  su b s ta n c e  m ight n e c e s s i t a t e  some r e ­
in  t  e rp ra  t a t  io n  o f  th e  d a ta .  .Bach & B u r r is  (1957 ) r e c e n t ly  
r e p o r te d  t h a t  a  r e  -  exam in atio n  o f  soya bean n o d u le s  a f t e r  
exposure  to  ©xceaa f r e e  has re v e a le d  t lm t  d ih y d ra -  
py ridaisinone-^B -oarbozy lic  a c id  c o n ta in e d  a  h ig h  en richm en t 
o f  f r e q u e n t ly  ex ceed in g  t lm t o f glxitam ic a c id .  They 
mare le d  t o  lo o k  f o r  t h i s  compound a s  a  r e s u l t  o f  expérim enta  
in  which l a b e l l e d  h y d raz in e  had been  fe d  to  A ^ o to b a e te r .
The f u l l  to ip l ie a t io n s  o f  t h i s  r e p o r t ,  w hich i s  o f  a  p r e ­
lim in a ry  n a tu r e ,  rem ain  to  be a sse sse d *
I n t e r e s t i n g  and s i  i f  l e a n t  a s  th e  r e s u l t s  o f  i s o to p ic  
ex p érim en ta  w ith  legume and non-legum e m odules and m iih f r e e -  
l i v in g  n i t r o g e n  f ix in g  organism s a r e ,  i t  i s  ix )s s ib le  th a t  
th e  n e x t m a jo r advances i n  the e lu c id a t io n  o f th e  chem ical 
mecham&am of f ix a t io n , w i l l  be a c h ie v e d  when m ethods o f  p re ­
p a r in g  c e l l - f r e e  e x t r a c t s  r e ta in in g  th e  power o f  f i x a t i o n  
have been p e r f e c te d .  The s im p le r  sy stem  th u s  p ro v id ed  would 
great3 ,y  f a c i l i t a t e  in v e s t ig a t i o n ,  p a r t i c u l a r l y  p erh ap s o f  th e  
n a tu re  o f  th e  in te rm e d ia te s ,, i f  a n y , p re c e d in g  th e  ammonia 
w hich , on p re s e n t  ev idence ., a p p ea rs  to  be th e  f o m  in to  w hich 
th e  f ix e d  n i t ro g e n  i s  b ro u g h t p r io r  to  e n t ry  i n to  o rg an ic  
co m b in a tio n . Many u n s u c c e s s fu l  a t te m p ts  rev iew ed  by B u rr is
1 23 .
(1956) have  been  made to  p re p a re  such e x t m e t a ,  m ostly  from  
A a o to b a o te r , b u t  r e c e n t ly  la s o n ,  Ih lm b asM , Hooh & B u rr is  
{1957} re p o r te d  th a t  e s a e i r t ia l ly  e e l t o f r e e  e x t r a e ta  p re p a re d  
from  t h a t  o rgan ism  by a  method of so n io  o s c i l l a t i o n  t e  owed 
a d e f i n i t e  e a p a e i ty  f b r  n i t ro g e n  f i x a t i o n . F u r th e r  a tu d ie s  
a lo n g  th e s e  l i n e s  rmj y ie ld  a d d i t io n a l  In fo rm a tio n  consazTiing 
meoîianlam o f  b io lo g ie a l  f ix a t io n  o f n i t r o g e n .
124
S U M fÜ â K Ï T O  3 S C T Ï 0 M  I I ,
1 , to e  n itro g e n o u s  c o n s t i t u a n t s ,  p a r t i c u l a r l y  th e  f r e e  amino 
ao ic ia , in  0 ,M  KOI e x t r a c t s  o f  the  i^oot n o d u le s  o f  Atoms 
g lu t l i io s a ,  àlnuB r u b ra ,  M yrica g a le ,  H topophae rha?:m oldea, 
and Casual?ina cm m in^hem iaua Imve been in v e s t ig a te d  q u a i l -  
t a t l v e l y  liy means of tw o-d im ensional p a p e r  cbromatogivzphy, 
b o th  befoz^e and a f t e r  h y d r o ly s is .  The ex asiln a tlo n  o f  th e  
e x t r a c t s  of th e  n o d u le s  o f  Atoms A u t in o s a  and M yriea gal© 
lias been ex ten d ed  to  a  more q u a n t i t a t iv e  baa i s  by chrom ato­
graphy  on ion  exchange r e s i n s ,
0 , I t  was found t lm t o i t r u l l l n e  was th e  p redom inant f r e e  amino 
a c id  o f th e  n o d u le s  o f  th e  A lm s  s p e c ie s ,  w hile  e i t h e r  
a sp a ra g in e  o r g lu tam in e  p redom toated  in  th o s e  of the  o th e r
g e n e ra .
3* Modules o f  A lnus g to itin o sa  and I # r lo a  gal©  were exposed f o r  
p e r io d s  o f  3 0  m in u tes  to  3 | *  hours  to  an a te o s p h e re  c o n ta in -
n K
in g  e x c e s s  f r e e  M, and the  d i s t r i b u t i o n  o f th© f ix e d  i s o ­
to p e  in  th e  no d u le  e x t im c ts  th e n  s tu d ie d ,
1 54 , In  A lm s  th e  g r e a t e s t  G oncentim tlon  o f  ' I  was found in  th e  
caztomnyl group o f  c i t r a l i i n e , w hereas in  E y rio a  i t  o c c u rre d  
in  th e  ail id© g roup  o f g lu ta m in e .
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ô . A lthough  ü ie  f r e e  ammonia o f th© e x t r a c t s  was n e v e r  found 
to  ex M M t a  g r e a t e r  l a b e l l i n g  th an  th a t  shomi by th e  
o rg a n ic  groups m en tion ed  In  H eading 4 , th e  f a c t  th a t th e  
b u lk  o f th e  f ix e d  ap p eared  in  o rg a n ic  compotmda which, 
a re  l i k e l y  to  a r i s e  by r e a c t io n s  d i r e c t l y  .invo lv ing  ammonia 
p o in ta  to  th e  fo rm ttio n  o f  t h a t  - au b e taaco  as am e a r ly  p ro ­
d u c t o f  f i x a t i o n , ,  and a s  th e  form  In. w h ich  th e  f ix e d  n i t ro g e n  
e n te r a  i n t o  organ ie  cem b iim tlon .
6, In  .resp ec t o f  t h i s  lim portance o f ammonia te e  p a th  o f f i x a ­
t io n  in  th e  non-legum e r o o t  n o du les  a p p e a rs  to  b e  s i a i i l a r  
to  t h a t  in  legume n o d u les  and f r e e - l i v i n g  n lt.ro g en  f ix e r s  
exam ined p re v io u s ly  by  o th e r  w o rk ers .
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